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FOREWORD

The tenth International Conference on Lasers and Applications, Lasers '87, was held at
Lake Tahoe, Nevada, December 7-11, 1987. According to the opinion of most participants,
the program was solid, timely, and above all interesting, 1In addition, Lake Tahoe provided
all the right ingredients conducive to a pleasant atmosphere where discussions on laser
science and technology were stimulated in surroundings perfect for skiing and amicable
social interaction. To those interested in statistics, the program of Lasers '87 contained
some 360 papers and registered attendance was well over 500. This was despite adverse
weather conditions.

International participation was strong with the following countries being represented:
Australia, Belgium, Canada, China, England, France, Germany, Israel, Italy, Japan,
Portugal, The Netherlands, Scotland, Switzerland, USSR, and Yugoslavia. There were
official delegations from Portugal and the USSR. The Russian delegation included
scientists from the Kurchatov Institute of Atomic Enerqgy, Lebedev Physics Institute, and
the General Institute of Physics.

Traditionally, this series of conferences has emphasized laser physics and technology.
As determined by the scientific nature of the program, there is no doubt that Lasers '87
provided further evidence of this emphasis. Indeed, a large proportion of the papers in
the program could be integrated in the area of laser development. This is evident by the
numerous and excellent sessions on topics ranging from VUV and x-rav lasers to far infrared
lasers. However, if we consider the vigorous representation of sub-fields such as ultra-
fast phenomena, nonlinear phenomena, spectroscopy, laser radar, laser medicine, adaptive
optics, and other applications, we should conclude that the conference provides a unique
forum for the review of recent advances in quantum electronics and related fields.

A characteristic of Lasers '87 was a series of superb plenary papers. The keynote
address was provided by Dr. Marlan O. Scully, Distinguished Professor of Physics and
Director of the Center for Advanced Studies at the University of New Mexico and head of
the Theory Division at the Max~Planck Institut fur Quantenoptik. The paper by Professor
Scully was entitled "Laser Probes of the Micro and Macro Cosmos." This paper and other
plenary papers are included in these proceedings.

Papers submitted to the conference were reviewed in two stages. First, the papers were
promptly screened by the Program Chairman and then they were sent to the respective
session chairman for final approval. In cases of doubt, relevant members of the Program
Committee were consulted.

In regard to the proceedings of this series of conferences, it is fair to indicate that
many of the papers published in earlier editions enjoy excellent guotation status. This
is particularly evident in the field of laser development. This year, an effort has been
made to ensure publication of the Proceedings of the International Conference on
Lasers '87 in the early part of 1988. An additional modification is the organization of
papers by subject matter rather than by individual session. At the end of the proceedings,
the transcription of the discussion on strategic defense is included.

The theme of the panel discussion was "Maturity of Laser Technology for Strategic
Defense." This was a very well-attended event in which every panel member was given
approximately 10 minutes to outline his opinion, This was followed by an intense and some-
times rather entertaining question time. The Program Chairman is grateful to the panel
moderator Professor R. Sproull and to all the panelists, in particular Dr. E. Teller and
Dr. C. K. N. Patel.

The "Lasers '87 Award" consisting of a gold-plated plaque and a cash prize, sponsored by
EG&G Princeton Applied Research, was shared by the following papers:
"Phase Preservation in High Gain Raman Amplification”
B. W. Nicholson, J. A. Russell, D. W. Trainor, T. Roberts
(Avco Research Laboratory),
and C. Higgs (MIT Lincoln Laboratory)
"Photodynamic Therapy Using the Nd:YAG Laser and Q-Switch II Dye as a Chemosensitizing
Agent for Human Fibroblast Cultures..."
D. J. Castro, R. E. Saxton, H., R. Fetterman, and P. H, Ward,
(UCLA Medical Center)
Papers were nominatec] by the Program Committee and the selection process was done by a
subcommittee composed of Drs. M. Birnbaum, H. J. Caulfield, F. J. Duarte, L. Goldman, and
R. C. Sze. Papers by members of the Program Committee were excluded from consideration.




The success of Lasers '87 is due to several factors. First, the active and enthusiastic
participation of members of the Program Committee. In particular, I would like to thank
Drs. R. R. Alfano, J. J. Ehrlich, R. Gullickson, S. Scott, D. J. Spencer, C. Turner,

R. A. Walters, and R. W. Waynant. In addition, we were fortunate to have the support of
several organizations including Eastman Kodak Company, EG&G Princeton Applied Research,
U.S. Army Research Office, and U.S. Air Force Office of Scientific Research.

At Eastman Kodak Company, I would like to thank J. C. Kinard and Drs. J. Merrigan,
J. P. Terwilliger and B. B. Snavely. Also, I am grateful to the Eastman Kodak Company
Document Preparation Center for their diligent processing of many manuscripts.

Finally, on behalf of the Program Committee of Lasers '87, I would like to thank
Kathleen Corcoran from the Society for Optical and Quantum Electronics for an excellent
performance in handling the logistics of the conference,

F. J. Duarte
Program Chairman
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ON THE DETECTION OF GRAVITATIONAL RADIATION
BY MEANS OF A SIMPLE RING LASER SYSTEMS
Marlan O. Scully and L. Z. Wang
Max-Planck Institut fiir Quantenoptik
D-8046 Garching bei Minchen

Center for Advanced Studies and
Department of Physics and Astronomy
University of New Mexico
Albuquerque, New Mexico 87131

Abstract

It is shown that a conventional laser gyro system can, in principle, serve as a detector of gravitational radiation. Such

laser devices could be quite sensitive.

We show, contrary to prevailing wisdom,' that a con-
ventional? Sagnac ring laser gyro may be used as a gravita-
tional wave detector. This is of interest for several reasons.

First, as we show in the following paragraphs, the
class of devices discussed could provide sensitive detectors
of gravitational radiation [see MTW].? Furthermore, op-
tical inverferometric* detectors of gravitational radiation
are very sensitive to fluctuations of the mirrors® and future
such detectors will even be hampered by quantum® uncer-
tainties of mirror position. As is well known, ring laser
gyro devices are not so susceptible to this type of random
noise. To see this, we need only recall that a laser gyro-
scope functions’ by propagating two oppositely directed
beams of light around the same optical path. These two
beams reflect from the same mirrors differing only in their
directions of propagation. Thus the two optical trains ex-
perience “identical” phase shifts due to random motion of
the mirrors. The Sagnac frequency shift between the two
light beams is measured by beating the counterclockwise
and the clockwise running waves on a photodetector where
the heterodyne cross term

Bl Becw = |Beu| |Becy |27 30000 =000) (1)

measures the Sagnac beatnote Av which is proportional to
the rotation rate. Since ¢., = @.cw , the phases associated
with the stochastic motion of the mirrors cancel. Thus
we see that the uncertainties (classical or quantun.} of the
mirror positions can cancel.

Furthermore, ultrasensitive® laser gyro’s have recently
been proposed®!? for testing various aspects of metric
gravity, e.g. the Lense-Thirring magnetic gravity effect
and as a means of putting tight new constraints on the
PPN parameter a of preferred frame cosmologies.

Clearly high risk-high payoff experiments of this type
become more attractive if similar apparati could be used
for a variety of measurements, i.e. a single clas. of devices
capable of investigating gravitational radiation, magnetic
gravity and cosmology, etc., would be of substantial in-
terest. With these motivations in mind, we next briefly
consider those aspects of the Sagnac physics relevant to
the detection of gravitational radiation.

The Sagnac phase difference A¢ between the two
counterpropagating laser beams in a ring gyro is given by

A¢=%ff(€xg)-da 2)

X is the laser wavelength divided by 27, and the vector §
is formed from the time-space components of the metric,

i.e., goi-

Let us proceed to calculate the metric, and therefore
the § vector for the case of a gravitational wave traveling
in the z, direction while the gyro is rotating about the 2,
axis as depicted in Fig. 1. In such a situation we may
write the metric for the gravitational wave as

0 0
h,, = hsin(wt — kz,) {3)
0 -1

h denotes the gravity wave amplitude. Transforming into
a frame rotating at a rate 02, the metric for the gravity
wave driven gyro yields g, which is found to be

Q Q =
D KL LPpe K
g {cy+ - sin(wt — k7)
z , . 2 -
X [55m20t—ysm ﬂt] z
+ { - Ez + thin(wt ~ k7)
¢ c
o
X [—%sin2ﬂt+1:cos2 ﬂt] ] {4)

where the wave vector in the rotating frame is
k = (k.,k,) = (kcosQt, —ksin Q)
z and y are coordinates measured in that frame.
Upon inserting Eq. (4) into Eq. (1) and carrying out

the integration we find the phase difference between the
counter propagating waves to be given by'!




16ab)
a¢=- Xe
4Qh sink,b b
—— 1 sin 201t - — i
+ X {st [ i X, cos k,,b] sink,a
+ sin 202 {su;:,a - & cosk, a] sink, b

2
+ k—a~ cos® fltcos k. asink,b
v

2b .
+ o sin® (Qtsink, acos k,,b} sinwt (5)
We note that when the wavelength of the gravitational
radiation is large compared to typical gyro dimensions, i.e.
ka and kb are small compared to unity, Eq. (5) reduces to

16ab} 8abQlh .

A¢ = — X + e sin wt (6)
N’ e e’
sagnac g-wave

Thus we see, from Eqgs. (5) and (6), that a ring laser
gyro could, in principle, be used as a gravity wave detec-
tor. However, ring laser gyros have not been previously
considered as gravity antennas since it was thought that
the sum of the influence of a gravity wave on the various
legs of the ring would cancel.

Rather than physically rotating the ring laser it is
experimentally much more efficacious to use a nonrecipro-
cal element (or some other optical technique) to break the
symmetry between the cw(+) and cew(-) running waves.
This will be discussed in a future paper.
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Abstract

Most laser aprlications require
precisely controlled 1light. We often find
that the amplitude, frequency, and
polarization of a laser randomly fluctuate.
This 1limits the laser's wutility. Laser
noise is frequently the result of outside
disturbances and random perturbations.
This paper reveals another source; erratic
behavior can arise from the dynamics
intrinsic to all laser. Laser theory
predicts such behavior only if we retain
coherence in the dynamics. We review the
basic principles of how 1light and matter
interact and develop both the coherent and
non-coherent theories. In a laser, two
types of changes occur to the gain material
due to its interaction with the optical

field. The static gain saturates and the
dynamic damping rates of the gain medium
change. This paper compares and contrasts

the coherent and non-coherent theories and
discusses the onset of instabilities in a
simple homogeneously broadened laser.

Introduction

How does a laser work? We all know the
answer. Or do we? On my bookshelf alone,
I count seventeen textbooks with Laser as
the primary title. These books discuss
many laser systems--gas lasers, solid-state
lasers, dye lasers, diode lasers, and free-
electron lasers. All lasers amplify light
by exploiting stimulated emission.
Clearly, the diversity of laser systems
shows that we understand the principles of
laser physics. A rational conclusion is
that laser theory is a mature topic; no new
fundamental progress is possible.
Engineers and scientists need only to
develop the technology that will optimize
the gain and performance of a given laser
system. This pragmatic viewpoint is
partially true. We do understand the
quantum mechanical interactions that are
necessary for optical gain. Unfortunately,
we often neglect an important component,
namely coherence, when we model the
dynamics of a laser. The absence of
coherence in the dynamical model 1leads to
false conclusions about the laser’'s
linewidth, noise spectrum, and stability.
Experimentally, we may therefore strive to
achieve the imposzible.

Maiman's demonstration of the ruby
laser! in 1960 verified the theoretical
predictions of Schawlow and Townes.2 Still
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today, laser technology continues to grow
and mature. We find lasers at work 1in
factories welding cars, in hospitals curing
cancer, and in homes playing music. With
this long and fruitful history, a pragmatic
person will ask several qgquestions: Why
should laser theory be a hot topic? 1Is new
fundamental progress being made? wWho
cares? These questions deserve answers; in
course, the answers raise new questions.

Noise and Instabilities

Maiman's first laser opened a pandora's
box. Although the pumping pulse varied
smoothly, the output of his ruby laser
consisted of a random train of spikes.
Dynamically, the ruby laser was "noisier
than it should be." Subsequent
experimental observation of other 1lasers
systems gives evidence that this "noisier
than expected" conclusion is the general
rule. This is all to familiar to anyone
who has built a laser. What is the origin
of this noise and erratic behavior? A
complete answer to this question depends on
the specifics of a given laser system.
Nevertheless, we can separate the sources
of erratic behavior into three classes:
stochastic, technical, and intrinsic.

Stochastic sources of noise are non-
controllable, random process. An example
is spontaneocous emission, which occurs in
all lasers. In addition, this class
includes such process as collisions between
molecules in gas lasers. Technical noise
sources are either controllable or
avoidable. Cost, environment, and design
determine their contribution. Technical
noise sources include mechanical
vibrations, impurities, pump noise, and
thermal drift. In addition, spatial hole
burning and spectral hole burning are
technical noise sources. We can eliminate
these two contributions by using a
unidirectional ring cavity and by choosing
a homogeneously broadened gain media.

The final source of erratic behavior is
the intrinsic dynamics that govern the
laser. Mathematically, we model a laser's
dynamics with coupled nonlinear
differential equations. How can this
deterministic physics be a source of noise?
This qgquestion 1is the key to why laser
theory is now a hot topic. A 1966 paper on
quantum fluctuations by Haken? furnished
the first clue. Haken found that power
fluctuations grow, or are unstable, when




the light intensity is above a critical
value. A few years later, Risken and
Nummedal* published a semiclassical model
that shows this same instability. Most
notable is that these papers treat the full
coherent dynamics or Maxwell-Bloch
equations. Previous theories dealt with
only the non-coherent population rate
equations, which fail to predict this
instability. Unfortunately, the majority
of the technical laser community overlooked
this work.

Risken and Nummedal attributed their
instability to the onset of self-mode-
locking of 1lasers.* In 1975, Haken?
expanded the dynamical significance of the
instability. He demonstrated that the
Maxwell-Bloch equations for a single-mode
laser are equivalent to equations studied
by Lorenz.® Lorenz's equations model
hydrodynamic flow. They are of physical
interest because they predict turbulent or
chaotic flow. By analogy, we pose the
question: Can the unexplained noisy
behavior of a laser be chaotic dynamics?
This is where new fundamental progress in
laser theory is being made. History of
this development is in review articles by
Abraham et al.?”-® and Casperson.? Special
issues of journals,!9:i! conferences,!2-13
and bookst4-13.16 discuss the recent
progress in the field.

Light-Matter Interactions

In the preceding section, we made the
comment that coherence is the key
ingredient for describing erratic laser
dynamics. It is the purpose of this paper
to compare and contrast coherent and non-
coherent laser theories. We will explain
the physical origin of coherent laser
instabilities. We limit the discussion to
an ideal laser, one that has no technical
noise sources, We therefore present only
the role of intrinsic dynamics, which are
present in all lasers.

Light Propagation

Before undertaking the prescribed task,
let us recall a few elementary principles
about light-matter interactions. The first
principle arises from everyday
observations--matter affects the
propagation of light. One of the greatest
achievements in physi~s is the work of J.
C. Maxwell. We all know that Maxwell's
equations describe how electromagnetic
waves propagate. For non-magnetic
dielectric materials, Maxwell's equations
reduce to a single equation for the
electric field,

1 e TR

V:B(r,t) - T B(r,t) = o P(r.t) , (1)
where P(r,t) is the polarization density of
the material. The atomic properties of the
material determine the relationship between
P(r.t) and B(r,t).

For a planewave traveling in the z-
direction, we c¢an express the electric
field as,

i[kz—ut—¢(z,t)]i

Blr.t)=2Reig(z,t) e (2)

Upon propagation, the amplitude, §(z,t),
and the phase, 9¢(z,t), of the field can
change. Variation in the amplitude equates
to either loss or gain; the phase change is
dispersion. In a non-coherent model only
amplitude changes, or the absorption and
emission of photons, enter the dynamics.
Coherent theory dynamically includes both
amplitude and phase.

Atomic Dynamics of Matter

Our next objective is to understand how
light acts upon the matter. We rely upon a
simple model based on atomic physics. Our
material consists of an ensemble of non-
interacting atoms. Furthermore, we assume
homogeneous broadening and that all atoms
are alike. With this model, the task is to
find the induced polarization, which
appears in Eqg.{(1l).

Classical Theory of Resonance. Around
1300 before the invention of gquantum
mechanics, Lorentz published an atomic
model describing resonant interactions of
light and matter.t? Atoms consist of a
positively charged nucleus surrounded by
negatively charged electrons. A net
separation of the electrons from the
nucleus results in the generation of a
microscopic dipole. Lorentz assumed
elastic binding between the electrons and
nucleus. By combining Newtonian mechanics
with electromagnetic forces, Lorentz found
that the atomic dipoles behave like driven
harmonic oscillators. Hence, the
polarization induced by the electric field
obeys the equation

Blr,t)+ ,f,_z Bir.t)+ w2P(r,t)= g B(r,t). (3)

Equations (1) and (3) form the basis for
the classical theory of resonant absorption
and dispersion of light. This 1linear
theory describes properly the coherent or
wave aspects of light-matter interactions.
With slight modifications in the electron's
binding potential, this theory becomes a
basis for nonlinear optics. The failure of
this theory is that it does not describe
the quantum or particle aspects of the
interaction.

Quantum Theory of Resonance: Non-
Coherent Theory. In gquantum theory, we
again deal with the concept of resonant
interactions; however, the physical picture
is different. We divide the interaction
into two parts. First, we treat the atomic
system of charged particles with coulomb
interactions, but ignore any possible
radiation. Secondly, we consider the
dynamics that result when the radiation




part of the field interacts with the atom.
For the present purpose, we need only
consider a single electron orbiting a fixed
nucleus. Quantum mechanics tells us that
the electron will only exist in special
stationary states. Each state has a

specific energy. The radiation field
causes the electron to undergo quantum
transitions. The state-of-the-electron

changes through the absorption and emission
of photons. Three processes describe the
dynamics: stimulated emission, stimulated
absorption, and spontaneous emission.
These processes are resonant, in that the
energy of the photon equals the energy
change of the electron's state.

A laser works by exploiting stimulated
emission. We limit our discussion to the
case where the laser field is only resonant
with a single transition. This is the two-
level approximation. We denote the upper

state, |2>, and the lower state, |1>. To
achieve optical gain, the rate of
stimulated emission must be greater then
the rate of stimulated absorption. This

means that the population density of atoms
in the upper state, M, must be greater
than that in the lower state, M. It is
the inversion, the difference between the
two populations, that determines the gain.

Inversion: W= M - M (4)

To create a population inversion, one must
employ a pumping scheme that involves other
levels. Figure (1) depicts a pumping
method that uses four levels. The pumping
is important in determining the overall
efficiency and dynamics of a laser.
Nevertheless, we will drop the pumping
dynamics in our model and deal with an
ideal two-level system. This fundamental
model contains the basic and necessary

le> .
Real N
A= 12>
4~Level Laser !
pump : Laser
AN SpTIN
lg>
"Ideal" — 12>
2-Level Laser .
pump Laser
... ! v |1)

Fig. 1. Two-level laser approximation.
Only the |2> to |1> transition interacts
resonantly with the laser's field. Real
lasers systems, such as the 4-level laser,
use other 1levels to pump the gain medium
into level |2> thereby creating an
population inversion. We model this with

an effective pumping process that transfers
population from level |1> to |2>_

..

physics. Lasers instabilities can emerge
from the intrinsic interaction between a
two-level resonance and a resonant optical
field. By necessity, this interaction
occurs in all lasers.

Quantum Theory of Resonance: _Coherent
Theory. Up to this point, coherence is
absent in our quantum picture. Where 1is
the induced polarization that drives
Eq.(1)? This question requires us to
rethink the absorption and emission
process. Although it is the basis for much
of our 1intuition, the photon picture
conceals the important coherent or wave
aspects of the interaction.

Recall that i1antum mechanics yields the
stationary states for the electron.
Associated with each state is a
wavefunction: a solution to the time-
independent Schrodinger equation. We
interpret the squared modulus of the
wavefunction as the probability density of
the electron's position. Loosely speaking.
the electron distributes itself around the
nucleus. Figure (2) illustrates two
possible wavefunctions. The atomic charge
distribution has no dipole moment when the
electron is in one of its stationary
states.

When a radiation field interacts with
the atom, the electron's wavefunction
changes according to the time-dependent
Schrodinger equation. The electron is nn
longer exactly in one quantum level or
another. Rather, it's wavefunction is a
quantum-state mixture or superposition. An
example of a mixed-state wavefunction

appears in Fig.{(2). In this superposition
Electron . Charge

Wavefunction Distribution
¥ix,t) |¥(x,t))2

Lower State:
x[1> = Y1 (x)e 1 t
Upper State:

x|2> = Yx(x)e_I”Zt

Superposition State:

= B

l?:e-1w1t+ Yze-lw’tl
Net Dipole Moment
d(t)=<q(t)r=c-eX(t)>
Fig. 2. Quantur picture of the coherent

dipole. We illustrate two wavefunctions
for an electron in state |1> and |2>. in
both cases the charge distribution is
symmetric about the nucleus. The quantum
mixing of the two state by the radiation
field results in charge distribution with a
net dipole moment. The dipole's resonance
is at the transition frequency.




state, the distribution of the electronic
charge is asymmetric about the atom's

nucleus. This charge separation
corresponds to a classical microscopic
dipole. For a two-level system, the

dynamical evolution of the polarization and
inversion follow the equations,

g(g,tn,%z_ Bir.t)+w2P(r,t)=-gW(r, t)B(x,t) (5)

and

. 2 1

Wir.ti=——2 Bl(r.t)eB(r. t)-=—(W(r,t)-Weql (6)
fwa T

We note that Eg.(5) 1is identical tc
Lorentz's equation {(3), except that the
coupling to the field depends on the
inversion. In fact, the gquantum picture
shows that the atoms coherently radiate
like a collection of <classical dipcle
oscillators. In Eq.(6), we model the
pumping by specifying a value for Weq; this
determines the uasaturated gain. Equations
(1), {5), and (6) form the basis of
coherent laser theory. They are the most
elementary description of resonant 1light-
matter interactions.

A simple connection exist between the
coherent and non-coherent gquantum theories.
In many systems, the damping time of the
polarization, Tz, is much 1less than the
lifetime of the inversiocn, Ti.. The
polarization then adiabatically follows the
inversion and field. We approximate the
polarization by replacing the dynamical
equation (5) with the constitutive
relationship for its complex amplitude,

BPir.c) = Xw) Wir, vy E(r,v) (7)

In Eq. (7)., £(w) is the complex electric
susceptibility due to the resonance. The
atomic dynamics and optical gain then
depends only on the inversion, namely,

Wir.t)=—2 wir, €)I(r,0) -2 (W(r,t)-Weal , (8)
T T

where I(r,t) 1is the intensity of the
optical field. Equations (1), (7), and (8)
are the basis for non-coherent laser
theory.

Lasers Dynamics

By laser dynamics, we mean the time
evolution of the optical field and the gain
material. This also includes the reaction
of the laser system to noise sources. The
dynami<s establish the amplitude stability
and spectral purity of the output field.
These parameters affect the sensitivity,
reliability, and performance of devices
that use laser 1light. We obtain the
dynamics by self-consistently solving the
equations that describe the matter-light
interaction. In general, this is a

formidable task best left to computer

simulation. Every laser system will
present a different set of technical
problems. We therefore 1limit our

discussion to the bare-bone model of an
ideal homogeneously broadened ring laser.

Feedback Oscillators

Dynamically, how do the coherent and
non-coherent 1laser theories differ? We
examine this question by noting that the
laser is an optical feedback oscillator.
Its operation principle 1is 1like any
electronic feedback oscillator--
amplification plus positive feedback equals
oscillation. To illustrate this, we
consider a ring cavity as shown in Fig.(3).
The gain medium amplifies the 1light; the
cavity mirrors supply the feedback. The
length of the cavity and the material
dispersion determine the positive feedback
frequencies. We call this set of
frequencies the laser's modes.

The basic operation of a laser is
simple. A pumping process excites the gain
medium and creates a population inversion.
This sets a value for Weq in Egs.(6) and
(8) and establishes the gain. The gain
medium amplifies optical fields with
frequencies near the transition resonance.
The inverse of the polarization decay
time, (1/Tz), sets the bandwidth of optical
gain. Coherent optical oscillation grow
when the gain at a modal frequency is
greater than the total round-trip loss.
This is the well-known threshold condition
for a laser. The lasing threshold is the
same for both the coherent and non-coherent
theories.

™M
M

Gain Medium
Amplification: E(I,t) = GiE(o,t—é)l

Feedback: E(0,t) = VR E(l,t-éli)

C

E(z,t)
Cavity Field

100%

FPig. 3. The parts of a simple ring laser.
The gain medium amplifies the field: the
cavity furnishes feedback. The laser is
therefore an optical feedback oscillator.




In all feedback oscillators, non-
linearities of the amplifier eventually
limit the growth and amplitude of the
oscillations. The amplification process in
a laser is self-limiting because the light
actively modifies the response of the gain
material. We group these nonlinear changes
into two categories: static and dynamic.

Static Change: Saturation

As the intensity of the optical field
increases, the gain of the material
decreases. We refer to this static change
as saturation. The gain saturation results
from quantum transitions between the upper
and lower 1levels due to stimulated
emission. This lowers the population
inversion and hence the static gain. When
the saturated gain is equal to the round-
trip loss, no further growth in optical
field is possible. Gain saturation
therefore stabilizes the amplitude of the
light in the cavity. Again, we find that
the stationary predictions of the coherent
and non-coherent theories agree. In this
stationary state, an ideal homogeneously
broadened laser oscillates at a single
optical frequency. An increase in the pump
or excitation rate leads to a proportional
growth in the 1light intensity. Does the
single-frequency oscillation remain
dynamically stable at higher pumping rates?
According to many textbooks, an ideal
homogeneously broadened laser will only
oscillate at a single frequency.!® This
conclusion is wrong! It is this prediction
about the dynamical! stability where the
coherent and non-coherent theories
disagree.

Dynamic Change: Atomic Damping

What determines the stability of a
single-frequency laser oscillator? The
theory of feedback oscillators provides the
answer. The time dynamics of an oscillator
consists of two parts, the stationary
oscillation (i.e. steady state) and the
decay of transients. A feedback oscillator
is stable if the gain at all frequency
except one is less than the round-trip
loss. Only one frequency or mode
oscillates, the others decay. This same
conclusion is true for a single-frequency

laser. To answer the question of
stability, we therefore must determine the
gain at other optical frequencies. This

problem is the same as finding the gain of
probe field in a pump-probe experiment.!®
The field of the laser is the pump, other
fields that satisfy the cavity-boundary
conditions are the probes. We refer the
reader to other papers for the specific
details on this calculation.?9:.21 In this
paper, we examine only the dynamical
difference between the coherent and non-
coherent theories.

Electrical engineers describe the
behavior of an amplifier by it3 frequency
response or transfer function. For a

fixed-frequency input, the amplifier will
either amplify or attenuate the signal's
amplitude. We can quantify the frequency
dependence of the transfer function with
its complex poles. The poles characterize
the decay rate of transients, or how the
amplifier relaxes to 1its stationary
response. It is the poles of the amplifier
and the feedback network that determine the
stability of a feedback oscillator. In a
laser, the atomic relaxation rates fix the
poles of the optical amplifier and
therefore determine the laser's stability.

Non-Coherent Theory. Even though the
coherent and non-coherent theories predict
the same stationary oscillation, their
decay to this state is dynamically very

different. In figure (4), we give block
diagrams that represent a 1laser feedback
oscillator. In addition to gain

saturation, the strong monochromatic field
in the laser dynamically alters the decay
rates of the gain medium. This actively
alters the response of medium to other
optical fields. In the non-coherent
theory, there is only one decay constant,

A=L (1+ L] . (9)
T
We obtain this decay rate from Eq. (7). For

a fixed field intensity, the population
inversion exponentially decays to its
stationary value. The damping rate
increases as the intensity, I., increases.
The non-coherent amplifier has a simple
real-value pole. Because of this, the non-
coherent theory predicts that the laser is
always stable. When we solve the matter
and field equations self-consistently, the
non-coherent theory does predict relaxation
oscillations. These transient oscillations
always decay leaving the single-frequency
oscillation. To persist, relaxation
oscillations require a noise source; this
noise is absent in our ideal model.

Coherent Theory. In the c¢oherent
theory, a second order, Eq.(5), and a first
order, Eqg.{(6), differential equations

describe the gain medium. We can transform
these equation to three coupled first order
equations. The new set of equations are
the Optical Bloch Equations.22 Since three
degrees-of-freedom describe the gain, there

are three characteristic decay rates. The
coherent optical amplifier therefore has
three poles. As before, these decay rates

are intensity dependent. We obtain the
three poles by finding the roots of a cubic
polynomial whose coefficients depend on the
field intensity.

The question of the laser's stability is
now the same as a feedback oscillator with
a three pole amplifier, as pictured in
Fig. (4). One of the decay rates is always
real; however, the other two poles can be
complex. We identify these two poles with
a resonance in the amplifier. The decay
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Gain Media
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Bloch Equations

Gain Media
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Pig. 4. Block diagrams for the feedback
oscillators. The amplifier for the non-
cohearent theory has simple real pole. The
coherent theory's amplifier has three
poles. This amplifier has a field induced
resonance at the Rabi frequency. Resonant
amplification occurs when a probe field's
detuning is equal to the Rabi frequency.

dynamics asscciated with this resonance 1is
like the transient decay in a harmonic
oscillator. At large intensities, the
resonance becomes proportional to the
amplitude of the laser's electric field.
We call the frequency of this field-induced
resonance, the Rabi frequency. Physically,
the Rabi frequency is a measure of the
interaction or coupling energy between the
gain medi .m's resonance and rthe optical
fie1d.

In the srtability analysis cf a single-
frequency laser, we treat the non-lasing
modes as prcbe fields. The gain »ediunm's
induced resonance profoundly alter the
optical gain of these probe fields.
Resonant excitation occurs when the
detuning of a probe field from the lasing
frequency is equal to the Rabi frequency.
The optical gain at this frequency can be
greater than gain at the lasir: frequency.
The amplitude of this probe field will
tharefore grow; the single-frcgquency
oscillation is unstable!

Conclusions

The instability found in the ccherent
theory is intrinsic to a laser's dynamics.
Only the c¢oherent nonlinear interactions
between an atomic¢ resonance and the optical
field are necessary. When does this
instability occur? We find a definite

answer for exact resonance. which means the
laser's frequency and atomic resonance are
equal. The instability can occur when the
laser's pumping rate 1s nine tines above
lasing threshold rate. Mode pulling and
detuning lowers this value.<* In addition,
technical noise lowers the instabilirty
threshold. Comput2y simulation shows that
the instability is hard or bistable. Once
unstable, the laser does nnt return to 1ts
single-frequency <state upon decrease of the
pumping racte. Hicise therefore can drive
the laser into the unstable regire.

Whar are rthe laser's dynamically
characteristics when (he single-frequency
operaticn is unsrable? How dc=s noise
effect the stabiiity ani dynarics? Thes:-
are current research qusasrticns. Computer
simulations find reaguliar pulsed soliutior,
bichromatic solutions, and c¢cnaotic
soluticns. The whoie nature of cthe
s.' tions <¢hang- as wW=e wvary the atomic
re.aXation times, tnhe ~avity round-trip
time, and tne cavity losses. The cholce of
initial c¢cnditions 1n these numericail
studies 1s important since multi-stable
solutions are possible. It is clear that
lasers can operate in many states, only a

fecw well understood. In addition, mrany
lasers systems do not fit the simple two-
level model. This inciudes gain ~edia

where stimuliated emission ocTurs bPectween
bands of levels. Example include the
vibrational -rotational bands c¢f molecular
dye lasers<4 and the conduction and valence
pand of diode lasers.-<?’ AS We strive to
tamre the erratic behavior of our lasers, we
need to keep in mind the 1mportant rcole
coherence plays in tneir dynamics.
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Abstract

Lasers provide nearly ideal systems for gquanitative investigations of deterministic
nonlinear dynamics. Aspects of these developments 1n regard to instabilities and chaos 1in
single mode lasers are discussed for both 2 and 3-level systems

Introduction

Since its advent more than a quarter of a century ago, the laser has evolved as a
unique device for both fundamental investigation and applications in optical science and
technology. In providing a coherent and intrinsically stable emission, lasers are
fundamentally different from conventional light sources for which the excited atoms (or
molecules) emit spontaneously resulting in a signal comprising a statistical average of
random or uncorrelated emissions. However the conventional concept of laser emission as
an ordered and time invariant process provides a description of but one aspect of
cperatian. Motivated by profound mathematical discoveries in recent years which have
recvolutionised our understanding of nonlinear science, it has since been found that lasers,
along with many other nonlinear systems in a wide range of sciences, exhibit a rich
variety of dynamical behaviour which are common features of their operation. As well as
exhibiting regular and repeatable behaviour, these systems also exhibit unstable, even
chaotic, solutions. furthermore the transition from stable to chaotic behaviour, on
varying a control parameter of the system, e.g. in a laser, cavity tuning, excitation,
etc., follows specific, well defined routes of temporal or dynamical behaviour which are
universal in the sense that they are independent of the physical properties of the system
they describe. It is these signatures which have been a major impetus to experimentalists
in the subsequent search for physical systems that exhibit these phenomena.

The recent exciting discovery that lasers exhibit such deterministic instabilities 1is
particularly significant since they provide nearly ideal systems for quantitative
investigations due to their simplicity both in construction and in the mathematics that
describe them. following a brief overview of nonlinear dynamics, aspects of these
developments in regard to instabilities and chaos in single mode lasers are discussed ior
both 2 and 3-level systems.

General Aspects of Nonlinear Dynamics

Unlike linear systems, nonlinear systems must be treated in their full complexity, and
there is no general snalyticalapproach for solving them.

The temporal evolution in the behaviour of such systems can be characterised when
presented as a trajectory of a point in the phase space of its dynamical variables. I[F an
initial condition of a dissipative nonlinear dynamical system such as a laser is allowed
to evolve for a lnng time, the system, after all the transients have died out, will
eventually approach a restricted region of the phase space called an attractor. A
dynamical system can have more than one attractor in which case different initial
conditions lead to different types of long-time behaviour.

The simplest attractor in phase space is a fixed point; the nonlinear system is
attracted towards this point and stays there. For other control conditions the system
may end up making a periodic motion. The limit or attractor of this motion is a periodic
cycle called a limit cycle. However, when the operating conditions exceed a certain
critical value, the periodic motion of the system breaks down into a more complex chaotic
pattern which never repeats itself. This motion represents a third kind of asttractor in
phase space called a chaotic or strange attractor.

fhese various types of attractor are shown in Fig. 1 for the familiar mechanical
example of a damped, periodically forced nonlinear nscillator, the Dutfing ascillator with
displa~ement x given hy

,
X + kx + x° = Beoswt

"




[ts behaviour can

moti1on

of three

be described by the a point in oa dimensional phase space
whose coordinates are position, velocity and time of Lhe oscillators motioun, A tixed point
solution 1is obtained when the forcing term 15 set to sero, the system then relaxaing to o«
unique stable equilibrium point (Fig. I1{aY:. Stable periodic motrons are sustairned by the
presence of the driving term over a range of values of k and B, the liwit cyvele behaviour
being also determined by the initial, or start conditions (hig. Ttb), Faor other
parameter values, the range of which 1s quite extensive, the behaviour breaks down 1nto
chaos. In a true 3 dimensional representation, rather than the 2 dimensional plot of
fFig. 1{c), the trajectory, in contrast to those for a fixed point and Limit cvele, never
intersects itself, consistent with apertodic behaviour. FPyvidently 35 variables, or degrees
of freedom are the minimum to ensure non intersection of the trajectory 1n phase space.

A trajectory on a chaotic attractor exhibits most of the properties intuilively

assoclated with random functions,
equations of motion are purely
from the nonlinear system. Over short
but over longer periods small differences
predictions of long-term behaviour imposs
conditions can lead to trajectories which
in marked contrast to that of the fixed
down to the same solutions.

although

Erratic and aperiodic temporal behaviour
corresponding continuous spectrum for its
further signature of chaotic motion.
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field. Hence, although time series, power
collectively provide strong evidence of det
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behaviocur. Here analysis of trajectories
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that it would be necessary to measure N
impossible task for complex system.
develop practical techniques
the limited output provided by experiment;
pnysical observable; that is,
embedding theorems have been recently used
Lyapunov exponents may be determined that
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The reader 1s referred

general principles of nonline

Chaos in Lasers
Two-Level Laser
Chaotiec behaviour in lasers may exist in even the simplest of systems: one in which
population inversion is established between two discrete energy levels of the medium an
where the lasing transition between these two levels is homogeneously broadened and las
is on a single mode.at gain centre. Prediction of such behaviour was inttially
identified by Haken” through the mathematical equivalence of the equationg dOS?rlhlnq
. . N )
laser action, the Maxwell-Bloch equations, and those derived earlier by loreny to desc
’
chaotic motion in fluids. These are
Maxwell-Bloch lorenz
e ~
£t = - kb + kP Nz - Ox o+ Oy
p o= YlFD - tLP NI T A SR
« . .
D = yl"x + 13 - YlID - Y|IXLP 7 = xy = hvs
i
where for the Maxwell-Bloch equations ¢ 15 the cavity decay rate, YL 1 o the decay rate
atomic polarisation, y 15 the decay rate of population inversion,s=k 15 The pumping
parameter, t ts the fiéld inside the cavity, D s the population inversion and PP oas the
atomic polarisation, Consider the trajectory of the torenys attractor where an the
equivalent laser system the dynamic vorarables ~, v and » are the taield ampliitude 10,
polarisation of the medium (PI, and the populalion toversion (D,
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Fi1g. 2{(a,b,c. shows a sequence of trajectar:es on increasing the
control parameter r in the lorenz equatiuns., tor r near zero all trajectories approach
stable equilibrium at the ori1gin, the topologrcal structure of the basin of attraction
being hyperbolic aboult zero. for the laser equations this corregsponds to operation below
lasing threshold for which the magnitude of the control parameter {laser gain’ 1y
insufficient to produce lasing. As r© 1s 1ncreased the basin lifts at its sero pornt to
create an unstable fixed point here bul now with two additional fisxed poi. o located in
the newly formed troughs either side af the sero point which 15 now a saddle point. This
18 illustrated in Fig. 2(b} where the system eventually settles to one or other of the two
new and symmetric fixed points depending on the 1nitial conditions. This corresponds to
d.c. or constant lasing as defined by the parameter values of one or other of these points.
Note the trajectories in traces a; and b) do not spiral in as for the case nf the fixed
point solution of the Duffing oscillator shown in btig. 1{a’. Pictorially think of a
conventional saddle shape comprising a hyperbolic and inverted hyperbolic form in mutually
perpendicular planes and connected tangentially at the arigin. With the curve of the
inverted hyperbola turned up at its extremity and filling in the volume with similar
profiles which allow the two hyperbolic curves to merge into a topological volume one sees
that a ball ptaced at the origin is contained to move most readily down either side of the
inverted hyperbola into one or other of the troughts formed by this volume. Chaotic
behaviour occurs at larger values of the parameter r when all three fixed points become
saddles. Since none of the equilibrium points are now attracting, the behaviour
of the system cannot be a steady motion. Though perhaps difficult to visualise
topologically it is then possible to find a reqglon in this surface enlosing all three
points and large enough so that no trajectory leaves the region. Thus all initial
conditions outside the region evolve into the region and remain inside for all subsequent
time. A corresponding chaotic trajectory is shown in fig. 2{(¢c). A point outwardly spirals
from the proximity of one of the new saddle points until! the motion brings it under the
influence of the symmetrically placed saddle, the trajectory then being towards the centre
of this region from where outward spiralling again occurs. The spiralling out and
switching over continues forever though the trajectory never intersects.

For the laser, such behaviour not only requires a cavity with high transmission but also
a gain of at least nine times that required to produce lasing” making the experimental
realisation of such operation rather impracticable for most lasers of this simple type. A
nytable exception are optically-pumped far-infrared molecular lasers which are discussed
below.

Consequently attention has been given to alternative, though more complex systems,
gererally with external control (see below) for which such restrictions are in part
relaxed. Investigations here have yielded a wealth of identifiable dynamic instability
phenomena some 1n reasonable agreement with theoretical predictions. Recent reviews of
these developments are given 1n references {(7-12).

Three-Level laser

Realisation of instabilily phenomena in the system prescribed by Huaken nevertheless
remains especially appealing in view of its fundamental simplicity and recently optically
pumped far infrared lasers bave been identified as perhaps the most promising candidates
in this reqgard.

Evidence for Lorenz-type chaos in_gn NH5 laser emitting at 81 pum optically pumped by an
\,0 ltaser has been recently reported ". [Iig. 3, taken from this work, shows motion typical
o; a Llorenz system, the spiralling around two centres with random jumps from one centre to
the nex-. I[he abrupt transition from stable to chaotic emission observed with increasing

pump strength provides further support for this interpretation.

Nevertheless optically pumped systems comprise three levels involving pump and laser
transitions with a common level (Fig. 4, inset], The consequent coherent interactions
between Lhese fields can considerably modify the shape of the gain distribution {see below)
from the lorenzian profile of a two-level system. Indeed the equivalence of 3- to 2-level
schemes 15 only possible for weak pumping and in molecular systems where the polarisation
‘fde-phasing} decay rate for the pump transition is Cnnsndvrahlylgr?qtpr than that for the
lasing transition: effectively resulting n incoherent pumping ° .

On increasing the pump signal the gain peak changes fram o single peak al resonance,
rharacteristice of 2 level systems "o a double peak. the separation of which 1nereases with
pump siqgng .. the corresponding dispersion curves show typical anomalous dispersion for
small pumping which becomes sirgnifacant ly modified for increased pumping. thig eftect
‘Rabi splitting: arises from coherent anteraction between the pump and lasing transitions.,

In general huth]ghq(pnmp field and the tnataral lTasaing faeld are responsibie for the
) N .
profile distortion ’ oyvielding faser emission and disperston profiles typical of those
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shown in Fig. 4 which also shows the mode line (dashed) which defines single mode operation
on line centre. The intersections of the mode line with the dispersion curve determine
those frequencies, which through the modified dispersion, have the same wavelength.
tvidently periodic and chaotic emission itmplies that the signal comprises more {han one
frequency. tor low pumping (profiles 1) mode line intersection is at line centre alone
giving stable emission. Ffor pumping above values carresponding to curve 3, two additional
mode line intersections with the dispersion curves occur, the corresponding laser emission
profiles showing emission at these new frequencies but not for that at line centre. IThe
laser signal then exhibits oscillations at the beat frequency (Rabi oscillations)
canstituting limit cycle behaviour. Over this range the oscillation frequency 1ncreases
with pump signal as the peaks separate until curve 4 when the mode line dispersion inter-
section frequencies lie just outside the lower frequency limits of the emission frequency
profiles when lasing terminates. Returning to conditions where the pump level 15 just
insufficient to give further intersections than that at line centre (a pump level around
that for curve 3), it is inthis region that chaotic emission prevails.

The mechanism behind the generation of chaotic emission here is sumcwhat similar to the
Duffing oscillator though here the oscillatory driving or forcing term is provided
internally by the Rabi oscillation. Noting that like all oscillators the laser has a
natural relaxation oscillation frequency (which normally relaxes to a d.c. signal or to
zero in the case of the Duffing aoscillator (Fig. 1(a)) then when another oscillation is
impressed on the system (here Rabi oscillations) with frequency close to resonance with
the natural frequency (in Fig. 4 by decreasing the pump from 4 to around 3) the emission
becomes chaotic. ELxamples of the time series and corresponding phase portraits in 2
dimensions are shown in Fig. 5. The chaotic attractors in the second and third plots are
bounded top and bottom by correwsponding limit cycle which dominates one or other of the
chaotic motions. The top limit cycle is that of sustained relaxation oscillations and
occurs on lncreasing the pump signal to a boundary or bifurcation value where the hitherto
steady signal bursts into periodic emission. A further fractional increase in pump signal
gives rise to the associated aperiodic signal (second row) and for a further increase
the aperiodic or chaotic attractor identifies more with the Rabi type limit cycle
behaviour which dominates for subsequently higher pumping (lower trace). As a laser
system with its own internal and yet controllable drive (the laser pump), it is a
particularly attractive nonlinear system for analysis and relatively easy experimentation,
providing along with these illustrations a wealth of other dynamical behaviour, for
comparison with the predictions and speculations of mathematical nonlinear dynamics.

Conclusions

Nonlinear optics, in particular lasers, is proving valuable to the field of nonlinear
dynamics and deterministic chaos providing simple optical systems which exhibit the most
interesting classes of chaotic behaviour. On the other hand, lasers and related nonlinear
optical devices have a large and growing technical application, and the understanding,
control and possible exploitation of sources of instability in these systems has
considerable practical importance.

0f the wide range of lasers, optically pumped molecular systems represent perhaps the
canonical laser dynamical system, retaining simplicity in the underlying physics while

being amenable to a dynamical system's @i 10 i at a level of, say, the Lorenz equations.
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(from ref. 1).
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OPTICAL COMPUTING FOR SDI

H. J. Caulfield, Director
Center for Applied Optics
The University of Alabama in Huntsville
Huntsville, AL 35899

Abstract

SDI has recognized that computing complexity and speed must be increased substantially in order to achieve
its goals. 1Its critics claim those increases are impossible. Under its Innovative Science and Technology
program, SDI has sponsored a number of efforts in optical computing to address this problem. This paper
reviews three of the results of that effort. This selection is a personal one and in no way implies
judgement of the other efforts as less important. Rather the choices were made on two bases: my familiarity
with them and the span of approaches from analog to hybrid to digital.
The _SDI Problem

As SDI is still a program being defined, it is as foolhardy to condemn to failure as it is to pronounce
it a success. A common thread through all proposed SDI methods is that computers (many of them--earth,
weapon, and satellite based) must receive a tremendous data flux and decide rapidly
(1) where the objects of interest are,
(2) which ones are reentry vehicles and which are decoys, and
(3) how to intercept and destroy the reentry vehicles.

The scenario and signals are only partially predictable a priori.

The Companion Industrial Problem

In manufacturing, the product is produced at a great rate. It is important to sense incipient and actual
defects but to ignore other irregularities. These defects and irregularities are many and only partially
predictable a priori.

Response Timew A Priori Importance of 1
Either False
Knowledge Positives or
False Negatives |

T Number of Items

SDI Huge Very Short Partial Many lives

Industry Huge Very Short Partial Many $

1. Problem Comparison

o —— — I
"Nation” Primary Purpose __ |
USSR SDI (Their version) |
Japan_ Industry

| _Europe Industry _ B
vsa Both

2. Major "National" Optical
Computer Errorts

What the Japanese call the Sixth Generation Computer, we call Artificial Neural Networks, or (my
preference) Neural Networks. Neural networks are based on our simple models of the brain--the only intelli-
gent computer known. It is the only approach known to solving truly massive problems which do not yield to
solution by traditional tree search, algorithmic methods. Furthermore, neural netwouil’s nffer a response to
the most often used "proof” that SDI (whatever jt winds up being) will not work. That "proof" is based on
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the supposed necessity of writing absurd numbers of lines of perfect computer code. In neural networks, we
write no code at all. Rather, we instruct the neural network. Your neural network was sent to school for
instruction not programmed by a schoolmaster. Furthermore, your neural network offers two other advantages:
(1) It is largely immune to localized failures. In your brain 100,000 neurons per day die without serious
effect on either your memury or your intelligence.

(2) It can react intelligently to new situations for which it was not trained.

Obtaining all of these advantages for SDI is clearly desirable. Obviously we need both great complexity
{(number of "neurons” and number of interconnections) and great speed. Combining huge complex with great
speed requires massive parallelism.

Under SD! sponsorship, we have shown that an analog optical neural network cannot only exceed current
electronics but also vastly exceed conceivable electronics by allowing full parallel interconnect between
10¢ inputs and 10¢ outputs--a total of 10'? interconnectsl. Thus the situation is as follows:

Neural Network Number of Interconnects Interconnects Per Second
Electronic Chip ~ 10* ~ 10®
Optical ~ 10?2 ~ 10"’
Human Brain ~ 10" - 10"¢ ~ 10"’

The advance due to optics is clear, overwhelming, and sustainable against all future electronics.

A Hybrid Example

Analog optics is always fast but never very accurate. In linear algebra processors the following approx-
imate equation holds:

€(R) = x(M) e(C),
where

€(R) a measure of the error in the result,

X(M) = a measure called the "condition number" of the coefficient

matrix, and

€(C) = a measure of the inherent error of the computer error. In good analog optics, €(C) = 0.10. To
achieve 10% accurate results we need x(M) ~ 1. Unfortunately in "real life" SDI problems x(M) will range
from a few hundred to infinity ("singular" matrices). This means analog linear algebra solvers for SDI are
guaranteed to give meaningless results [e(R) >> 1].

On the other hand, digital floating point processors are accurate enough but much slower.

Under SDI sponsorship, we have shown that we can combine the speed of analog optics with the accuracy of
digital electronics by a hybrid process. The computationally intense parts are done with fast, low-accuracy
optics. The accuracy-producing, comutationally-easy parts are done with a digital electronics. Even with
20% accurate optics, we can solve problems of any condition number?2

A Digital Example

The first and only widely successful nonbiological computers have been digital. Over the last 40 years,
our skills in programming digital computers have grown immensely. Current multiprocessor and supercomputer
efforts may gain another factor of 1000 over the state of the art at the price of very large size and very
high pricetags.

Peter Guilfoyle of Opticomp has seen a practical method of using the massive parallel optical intercon-
nect capability of optics (1) to do digital computing. As-yet-unpublished work by Opticomp for SDI has
resulted in a working, high-speed, general-purpose optical digital computer. Several years more development
will be required to exceed current supercomputers at much less cost, but no new inventions are required.

Acknowledgement and Note

The SDI/ISI optical computing program is directed by W. Miceli of ONR - Boston. The overall SDI/ISI pro-
gram is directed by Dr. James Ionson. They are the individuals who should be contacted for information on
the total program content and goals. By any measure, however, the program has been a great success.

My work on this paper was sponsored by SDI through ONR under Contract No. N00014-86-K-0591 administered
by Mr. Miceli.
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ENHANCED SQUEEZING UNDER DEGENERATE PARAMETRIC WAVE INTERACTION

E. P. Gordov, A. I. Zhiliba, N. P. Koropleva
The Institute of Atmospheric Optics, Siberian Branch
USSR Academy of Sciences, Tomsk, 634055, USSR

Abstract

The study on the evolution of quantum fluctuations under the parametric wave
interactions is reported. The theoretical development does not employ conventional
approximations based on a given pump wave behavior and short-time expansion. Variations
of the pump wave are shown to affect the photon bunching and antibunching. They also lead
to squeezing of the fundamental mode in the process of its amplification or extinction.
Moreover, the variations of the pump wave in the course of the interaction are found to
limit the decrease or increase of the field quadrature component fluctuations.

Introduction

It is a well-established fact now that optical parametric processes are good candidates
for manifestation of the quantum nature of light., There are a number of theoretical
papers which have predicted that a significant degree of squeezing and antibunching
{superclassical bunching) can be reached using these processes. Common features of these
papers (see, i.e., Refs., 1-5) are the treatment of the relevant dynamical equations
written in the Heisenberg picture within the framework of the following assumptions,
namely, the pump wave is assumed to be fixed or the short-time approximation is to be
held.

Here the basic set of equations for the field amplitudes describing degenerate
parametric processes is analyzed without usage of the above =rpro+-imaticnc. The
statistical characteristics of the processes under consideration are calculated
numerically and a comparison with those determined for the given pump wave case is
performed.

Evolution of Quantum Fluctuations

The set of equations for the field amplitude operators derived in the Heisenberg
picture on the basis of the effective nonlinear Hamiltonian approach has the form

a; = -iwja; - 2igajay

-2iwyay - iga% (1)

-}
N
[}

Here 1 and 2 are referred to the generated and pump wave, respectively, g is the coupling
constant (the effectivity of nonlinear conversion).

At the initial moment of time, the waves do not interact and the density matrix of the

system p can be written as a product p = pjpj. Averaging of the first equation from the
set over the density matrix p,; and the second equation over yields:
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a; = -iwja; - 2igaj<a,>, <ay> = Tr pja,
<éz> = -2iwy<ay> - ig<af> (2)

The self-consistent set (2) describes time evolution of the generated wave amplitude
operator in the process of its interaction with the pump wave. In virtue of Eq. (2), the
latter can be treated as a classical electromagnetic field wave. The use of the Bogolubov
canonical transformation results in the following formal solution

t t
a;(t) = e"lwlt[alch2g §f a(r)dr - iei¢2aish29 § al{7)dr] (3)
o o
Here a(r) = |<ay(7)>|[. 1In the given pump wave, approximation a = const and (3) reduces to

the known solution from Ref. 1. Below the formal soclution (3) is used for analyzing the
degenerate parametric scattering (DPS) and degenerate parametric amplification (DPA).

The Degenerate Parametric Scattering

In this case, the pump wave interacts with the vacuum fluctuations in nonlinear
crystal, i.e. p; = |OX0|. It follows from Egs. (2-3) that the amplitude of the pump wave
obeys the closed integro-differential equation

t
a = -gshdg § alr)dr/2 (4)
o

The use of iteration with the given amplitude as the zero approximation results in (&)

(1)
a (t) = a - (ch4agt-1)/8a (5)

This solution does not contain secular terms and describes the extinction of the pump
wave in the process at degenerate parametric scattering. Expansion of Eq. (5) in gt leads
to well-known Mandel results® obtained within the framework of the short-time
approximation.

The time behavior of the mean photon number of the generated mode on the frequency w;
can be calculated from Eq. (3) and is of the form

<ny (t)> = sh?2z

shé4agt
z = 2gat g(—m t)/4a (6)
It follows from (6) that t grows up to the time
t, = arch (8a + 1)/4ag (7)

At moment of time ty, all photons from the pump waves were converted into a new mode. The
conventionzl given pumping approximation corresponds to z = 2gat in Eq. (6). It is fairly

21




clear that in this case the energy conservation law is violated. Figure 1 shows the time
dcpendence of <nj)> calculated on the basis of pumping case.
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The variance of the photon number §; = <Anf> - <ny> can be written as

8, = sh®z + sh2zcn?z (8)

The computed results are given in Fig. 2. Here z is defined by Eq. (6). It is known
that 8 = 1 corresponds to the thermal source. It can be seen from Fig. 2 that the
generated wave exhibits the superclassical bunching. The variances of the quadrature
field components whose magnitudes indicate the possibility of squeezing of generated waves
are of the form

<Ax%> = ch?z + sh?z + 2singychzshz (9)

<Ax%> ch?z + sh?z - 2singychzshz (10)

where ¢y is the pump wave phase. The maximum squeezing is reached for

<Ax%> = exp(+22); <Ax%> = exp(¥2z) (11)
The plus and minus signs are referred to ¢y = n/2 and ¢y = -n/2, respectively. It can be
readily seen that for z = 2gat (the given pumping approximation) the wave is generated in
the ideally squeezed state (see Refs. 1,2). The influence of the pump wave variation
results in the increasing of the effect. The squeezing takes place up to the time tg,
then this property of the field a; disappears. It should be noted that the increase of
the nonlinear conversion effectivity g leads to the increase of t . The same occurs with
growing of the pump wave intensity. These results are illustrated in Figs. 3 and 4. The
curves show that for the region t ~ t, there exists a significant discrepancy between the
given pump wave approximation results and those obtained here. The consideration of the
pump wave extinction makes the generation of the ideally squeezed states impossible.

Degenerate Parametric Amplification

In this case, there are two incident wave frequencies 2wj = w,, and the initial state

at wave w is given as p; = |B><p|, where |g> is a coherent state. Due to the process of
nonlinear interaction, two possibilities appear for the wave with the frequency wy. If
¥ = 2¢,-9, = n/2, the wave begins to amplify while for ¥ = -#/2, it attenuates.
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Equation for a now has the form
t t
a = g{|p|2exp(4g §f elt)dar) - % sh 49 § a(7)dr} (12)
o o
The first iteration of Eq. (12) yields
(1)
a (t) = a - |B|%[exp(-4agt)-11/4a - [ch(4agt)-11/8a (13)

It can be readily seen that expansion of Eq. (13) in gt degrees and averaging it over p;
lead to the -esults coinciding with those obtained within the framework of the short-time
approximation.5

When the wave 1 is attenuated (¥ = -#/2), the variance §; is of the form
§1(t) = (21812 + 1)sh%z + (6]8]2 + 1)sh?z - 2|g|%ch3z - 6|8|2chzsh3z (12)
~ fg]2 1-exp(-4agt) 1 _shdagt
z = 29 fat + Ta_ [t —T] % [W tl} (15)

Its behavior is shown in Fig. 6 in comparison with the results obtained for a fixed a.
When photon antibunching exists, however, its degree and duration are more moderate than
those for fixed. When the wave is amplified (¥ = x/2)

8, = (2]8]2 + 1)sh®z + (6]p|2 + 1)ch3zsh2z + 2|p|2ch?zshz + 6]p]2chzsh3z (16)
and there appears the photon superbunching.
The variances of the quadrature components of a; are of the form
<Axf,2> = ch?z + sh?z + 2sin¥chzshz (17)

I1f (¥ = x/2), then
<Axf’2> = exp(+2z) (18)

23




el

Fis-s

Fig.B

Figures 7 and 8 show that in process of the degenerate parametric amplification the
possible squeezing is more moderate than squeezing calculated in the given pumping wave
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Conclusion

The quantum consideration of degenerate optical parametric processes in the
approximation of self-consistent pumping field does not vary qualitatively the results

obtained in the approximation of the given pumping field.

However, there are quantitative

discrepancies. The most important fact is that in the process of degenerate parametric

attenuation of fundamental wave squeezing became greater

than the resulting one, obtained

in the approximation of the given pumping field. This is accompanied by the intensity

decrease of the fundamental wave.
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ON THE CHEMISTRY OF SUPERCONDUCTIVITY*

R. More and E. Teller
Lawrence Livermore National Laboratory
Livermore, California 94550

Abstract

High-temperature superconductivity is observed in ceramics with complex crystal struc-
tures. In each case, perovskite-like layers (Cu02) are found next to cation-monoxide
layers (LaO or CuQ). We suggest that Bloch wave functions in these two layers are hybrid-
ized. The interaction of the bottom of an energy band in the monoxide layer with the top
of the perovskite band gives rise to states with a low group velocity within these
layers. Superconductivity is explained by the strong interaction of these electrons with
loosely bound oxygen ions which leads to pairing and ordering of the electrons. Experi-
mental verification of this model may be obtained by observing the variation of the
current due to the dependence of the group velocity on the location of oxygen ions.

Introduction

The familiar properties of superconductors appear in La,Cu0, and YBa,Cu30; at higher
temperatures and stronger field strengths than usual. The oxygen ions in these crystals,
related to the perovskites, are able to interact strongly with any charged particles. The
substances have a complex, layered structure.

We assume that the high temperature superconducting state is similar to that described
by Bardeen, Cooper, and Schrieffer,1 with a limited set of free electrons participating.
We start by discussing the role of the perovskite layers (consisting of CuO,) and argue
that an interaction of the states of electrons in these layers with states in neighboring
layers is decisive in producing the observed effects.

In carrying out this program, we assume in some cases purely ionic configurations, as
for the ions Ba?* and ¥3*. For the copper ions, we consider energy bands filled with a
number of electrons not corresponding to an integral charge per copper ion; the same holds
for lanthanum. In the case of oxygens in the perovskite layer, we assume somewhat less
than two electrons per ion corresponding to some holes in the 02~ shell. All this is
based on plausible speculations about the band structure. We feel that in these complex
ceramics, the uncertainties of a priori calculations leave some room for alternative
scenarios.

Theory and Discussion

It is not unusual, in describing conduction bands, to use hybrid wave functions on
single atoms. In the case of our special ceramics, we propose to form hybrids from elec-
tron states near the bottom of an empty band [on a Cu3* or La3* jon] in the monoxide

*Based on a discussion in August 1987 at Erice, Italy; completed in December, 1987.
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plane, and hole-like states from the top of an almost-filled band which results from
states of the 0% ions in the perovskite plane.

The hybridized wave function ¢y can be written
¥ = ap ¥p t ap ¢p (1)

where Yy, is composed of states in the monoxide plane and Wp from states in the perovskite
plane.2 For all three wave functions we write the two-~dimensional Bloch functions,

i(k, x+k, y)
vee Y Uix, y, 2) (2)

where the 2-dimensional wave-number K is near k = 0 in every case for the states of
interest. We shall show that the hybridization of wave functions in the neighboring
layers will reduce the group velocity of the carriers and enhance the interactionssthat
give rise to superconductivity.

The Cu ions in the perovskite plane shall be represented in a first approximation as
cu?*. For the sake of clarity and completeness we discuss these electrons even though we
believe they do not contribute to superconductivity.

In the crystal field, the 3d and 4s electrons of copper are hybridized, and there are
nine electrons shared between these states. More specifically, the six orbitals repre-
senting the (3d, 4s) hybrid can be symbolized by (x2, y2, zz, Xy, %z, yz). If one
considers the perovskite plane to be the x-y plane, the four orbitals (22, xy, yz and zx)
do not strongly overlap electrons on the oxygen ions, and should generate bands which lie
at lower energies and are filled by eight electrons. The ninth electron is then in the
lowest part of the band formed from the (xz, yz) orbitals.? These carriers can explain

the observed linear specific heat and observed metallic conductivity.

In the yttrium compound, we assume the barium oxide and yttrium planes to be purely
ionic, and thus to have closed bands that require no further discussion. If there is no
deviation from stoichiometry we can describe the monoxide layer in the lanthanum compound
as containing La3* and in the yttrium compound as containing cu3*. 1In the Y compound the
monoxide plane is represented in Fig. 1. The Cu ions have only two oxygen neighbors along
the x-axis within the xy plane. However, they have two further close oxygen neighbors
along the z-axis. Using similar arguments as for the perovskite plane we fill four
orbitals (yz, Xy, vz, and zx) with eight electrons and obtain cu3* ions which one may
consider as a closed shell.

In this first approximation we should consider all oxygens to be in the 0%~ state.
Thus we have conducting perovskite layers with no other layers participating in the
conduction process.

However, there are also energy bands? formed from the 2p states on the oxygen ions in
the perovskite layer. These bands are filled or nearly filled and have their maxima at
k = 0. Of these the 2p, subband is of special interest, We assume that the states of
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Fig. 1

this band have slightly higher energy than the 2p,, 2p, subbands, for electrostatic
reasons. Indeed, the filling of all states (x2, y2, zg, Xy, ¥z, zx) would result in a
spherical electrostatic potential near Cu. Absence of some x2 and y2 electrons raises the
energy of the oxygen 2p, state (relative to 2p, and 2py) both on account of electrostatic
terms and on account of exchange terms. (However, it should be pointed out that consider-
ation of the kinetic energy may change this argument.)

The superconductivity will be ascribed to holes from the oxygen 2p, band, appropriately
hybridized with electrons in the monoxide plane(s). 1In order to better understand this,
we show the nodes of the k = 0 oxygen 2p, wave functions as dotted lines in Fig. 2.

In Fig. 2, the plus and minus signs refer to the values of wp above the node in the xy
plane. This wave function does not change upon displacement of the lattice by an integral
number of periods in the x- or y-directions. It therefore does correspond to zero wave-
vector in the plane; the indicated changes of sign are a consequence of the fact that this
state is at the top of the 2p, band.
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Fig. 2

In LajsCuQy, the La3* ions are located above and below those crossing points of the
nodes (Fig. 2) that are not occupied by Cu ions. Wave functions of this type are just
becoming available on the La ions in the 4f state with three nodes in the xy, yz, and zx
planes. We assume that splitting by the crystal field and resonance with ¢, lowers one
state so that it no longer lies above the 6s state of lanthanum as in the case of the free
ion. Another possible assignment would be a resonance with a 5d orbital on the La ion.

In that case only two nodes (yz and xz) are present. When Ba is substituted for La
hybridization with 4f or 5d orbitals would still be possible. On the substitution by Sr
the 4d orbital should be preferred. The role that Ba and Sr play in determining T, will
be influenced by the wave function selected.

we, therefore, propose that Wp in (1) is a wave function near k = 0, composed of 2p,
oxygen wave functions with alternating signs (Fig. 2), while Y, is composed of 4f wave
functions on the La with xy, yz, and zx nodes in the layers on either side of the
perovskite plane.

In the yttrium compound (and the similar superconductors where rare earths are substi-
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tuted for yttrium) we assume that Yp in Eq. (1) is a wave function similar to that
discussed above but extending over two perovskite layers. The wave function Y, extends
over a single copper monoxide plane lying between the two perovskite layers. Because a
BaO layer is found between the monoxide and perovskite layers, the interacting layers are
now second neighbors, and their interaction should be greatly weakened.

However, the perovskite layers are puckered, the oxygens being attracted toward the y3+
more strongly than toward the Ba2* icns. Thus the orbits to be considered for Wp are not
pure 2p, states but rather an appropriate linear combination of 2p, and 2s orbitals. One
linear combination extends toward Y3+, has lower energy, and is already occupied; the
other points toward the CuO plane and has its band maximum at k = 0 near the Fermi level.
This second band will be used for wp. With this choice, the interaction between Cu layers
is increased.

In the monoxide layers of the yttrium compound, we have assumed in first approximation
that the copper is present as Cu3+, and that the states (y2, xy, Yz, and zx) of the 3d-4s
hybrid are filled, leaving the states (22, x2) unoccupied. The wave function yp in
Eq. (1) will now be composed of x2—type states from the bottom of the band formed near the
cud* ions in the monoxide layer. Indeed these xz—type wave functions overlap more strongly
along the x—-axis than the states of zz-type, and thus the band formed from x2-functions
will have the lower band minimum at k = 0.

We observe by comparison of Figs. 1 and 2 that the 2p, band maximum wave function and
the 3d-4s x2 band minimum wave function have the same symmetry so that hybridization is
permitted. The ratio of amplitudes of the coefficients in the lower hybrid state (near
k = 0) is:

- B

G 8

Ej
a. &’ A = [(Epay min

where E; is the interaction energy of wp and yp, and A is the energy-difference between
the levels, determined by the maximum energy in the perovskite layer Ep,, and the minimum
energy Epin in the monoxide layer. In the yttrium compound, E; should be small due to the
distance of perovskite and monoxide layers and one should expect aj >> ap. Thus the
hybridized electrons are concentrated on the monoxide layer.

We now consider the group velocity in the xy plane,

Vo = dB (a)

9 4k
for electrons with hybrid wave functions of the form given in Eq. (1). A large group
velocity leads to large energy-denominators in the process of electron scattering by
lattice vibrations. This then implies that the states coupled in the formation of Cooper
pairs must be very near the Fermi surface. In our model for the ceramic superconductors,
and particularly for YBa,Cuj30;, the low group velocities will loosen this restriction on
electron pairing and thereby enhance superconductivity.

To calculate the group velocity from (4), we write
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_ 2 2
E = ap®Ep + ap“Ey + 2apamEi (5)

wvhere Ep and Ej, which are the energies in the two layers, and E;, which is responsible

for the interaction, can be expanded near k = 0 in powers of k. We have assumed 3pr ap to
be real.

2.2 2 2
12k, L

E, = E .. - -
p max ( )
2m, p) 2my, p
n2g, 2 n2k,2
X Y
E, = E :_ + +
m min { m
2m, m) 2my )
E; = EO + akxz + Bkyz (6)

Since in the perovskite layer we are near a maximum of the kinetic energy, the terms in
kx2 and kyz appear with a negative sign. The structure is almost tetragonal, and, there-
fore, the effective masses in the perovskite layer are nearly equal: mx(p) my(p). They
correspond to a band width of a few volts. For the lanthanum monoxide layer one can write
in a similar way mx(m) = my(m). The electron orbits in neighboring lanthanum ions will
probably overlap to a lesser extent than in the perovskite layer. We therefore assume
n{m > u{P), rThe interaction energy, E;, is smaller and its k-dependence may be
neglected, a = f = 0.

[

To obtain the group velocity, we calculate dE/dk from Eq. (5). This gives terms con-
taining factors 5E/6Ep, SE/SEp, 8E/5ap, and 8E/8a,. However, the contributions from the
latter two cancel since 3p and ap are adjusted to give stationary values to E. This
gives, for the x- and y-components of the grour velocity Vgr

<
1]

2 2
a a
a2 ™ _ ._EL*) (7)
gx x (mx(’“) o ()

2 2
Vay * ﬁ2ky (_fT__ - _EE__)
(m) (p)
my, my,

According to (3) the amplitude in the perovskite layers is smaller, ap < ap. But we
assumed n(P) < m(m). The group velocities may be interpreted as a superposition of a
smaller electron-like velocity hzk/m(m) in the monoxide layer with a higher probability
a,n2 and a faster hole-like velocity in the perovskite layer ﬁzk/m(p) with a lower
probability apz.

In the lanthanum compound, the formation of Cocper pairs may be understood as in the
BCS theory. The higher transition temperature T. may be ascribed to low electron
velocities, partly explained by the participation of few electrons, and partly by the
cancellation of terms seen in (7).

The explanation of superconductivity will require phase-ordering of the electron pairs
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in three dimensions. The electron hopping (or kinetic energy) operator plays a key role
in establishing this long-range order. The wave functions of Eq. (1) will have to be used
to construct full three-dimensional Bloch functions.

In the case of ¥YBa,Cu;0,, the high transition temperature (near 95°K) requires a more
detailed explanation and greater modification of the BCS theory. In the monoxide plane
the y2—states of the (3d, 4s) hybrid are filled, but the bottom of the x2—energy band is
available. Crowding by the oxygen ions along the x-axis will cause the effective mass
mx(m) in (6) to have a low value, while my(m) will be large due to the small overlap of
the xz—type wave function in neighboring cells along the y-axis.

As a result, the group velocities (7) will behave quite differently in the x- and
y-directions. We have seen that ap should be small. In the expression (7) fnr Vax the
term containing a 2 may be neglected, and the electron velocity will be governed by mx(m)'
which is of the order of the actual mass of an electron. The velocities will be those of

electrons in common metals at appropriate k, values.

On the other hand, for the y-component, the two terms amz/my(m) and apz/my(p) in (7)
will be comparable. Thus, Vgy may well become very; small, The energy may become
practically independent of ky, even for high ky—values. Contraction of y, on a single
line of Cu-0-Cu-0-Cu ions along the x-axis may become possible. Such a contraction
permits a strong interaction with the oxygen ions surrounding that line and a lowering of
the energy will result.

Appropriate occupation of states including those of high ky values could lead to
one-dimensional behavior of the electrons in the monoxide plane and to low x-components of
the velocity if the energy band is filled to a low level. 1Indeed, if a fixed fraction e
of the band is occupied, then the maximum k-value in the Fermi sea is proportional to
e1/3, 61/2' and € in three, two, and one dimensions. The velocities at the Fermi level
behave similarly and become small in the one-dimensional case.

5 we have now a

In applying the Bardeen, Cooper, Schrieffer theory of superconductivity,
strong-interaction situation because the electron-lattice coupling becomes stronger than
the kinetic energy of the electrons. 1In this case, the energy to break a pair of elec-
trons will be greater than kT.; there will be many paired electrons above the critical
temperature in the "normal” state; and the transition itself may be understood as the
establishment of ordering and phase relations between existing pairs. For a low density
of these bipolarons, the transition temperature will be inversely proportional to their
effective mass. These ideas are similar to the bipolaron theory.6 The following

discussion will be given in terms of that theory.

Let us consider the localization and pairing of electrons along a Cu-0-Cu-O-Cu chain in
a more quantitative manner. Placing an electron near a cu3* ion, there will be four 02~
neighbors at distances of 2 A. Assuming a double charge on the oxygen and a restoring
force constant of 10° g sec™? (corresponding to an Einstein oscillator ot w = 2 x 1014
sec—l), one obtains a polarization energy of about 1 eV,

Due to the small effective mass, mx(m), the energy needed for loca:.zing the electron
is greater than 1 eV, and the electron therefore should be spread over several lattice
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cells. Spreading the electron over n cells in the x-direction, the negative polarization

energy will vary as n~l, while the kinetic energy of localization changes as n~2,

For the bottom of the energy band, the minimum might occur for an n between 3 and 7,
giving a binding energy of about 0.1 eV. If not much more than 0.01 electrons per lattice
cell are available to fill the bottom oi ti.c energy band, then the polarons formed in this
way will not overlap. The binding energy of the polaron may have an isotope effect, but
if polaron formation has progressed far enough above the critical temperature, this need
not affect superconductivity.

r'ne total energy can be represented as
Epipolaron = 2Ekin ~ %Epol * Erepulsion (8)

The positive kinetic energy term, Ej;,, is that of two electrons. Polarization, Epolr by
two electrons gives a twofold displacement of the oxygens and a fourfold negative polar-
ization energy term which may stabilize the bipolarons. Finally, Erepulsion between the
two electrons is apt to prevent bipolaron formation in most substances.

The bipolarons need to be ordered to make the crystal superconducting. In our model,
the ordering is accomplished by the coupling of the bipolarons which extend along the
Cu-0-Cu-0-Cu chains in the monoxide plane with the two neighboring perovskite layers. The
amplitude in the latter is small, but the effective masses, my(p), as well as mx(p), are
small, and therefore the wave functions are not fully localized in the x- or y-direction.
Thus several chains in the monoxide layer interact with the same wave function in the
perovskite layer. 1In that way, they interact with each other, and phase relations can be
established. The interaction, Ej, can be assumed to be low enough to make the amplitude
a, in Eq. (1) small, but high enough to lead to an ordering at a transition point T. near
100°K. One might assume E; = 0.01 eV. The ordering need not depend on the isotope, and

T, need not show an isotope effect.

The construction of the wave function Eq. (1) from contributions in the monoxide and
perovskite layers should help to avoid Peierls instability. Actually, in the monoxide
plane, the bipolaron is localized in the y~direction according to our model. Yet, through
the coupling in the perovskite plane, it remains mobile and can carry a current.

It is probable that for a phase transition and for establishment of long-range order,
three-dimensional ordering is required. In our model, we have only correlated the wave
functions in three neighboring planes. Such wave functions in the triplets of planes will
have to be superposed using phase factors elkz The resulting superconductor will, of
course, be anisotropic, particularly in its magnetic properties.

1f a rare earth atom is substituted for yttrium the transition temperature does not
change. Yet, ordering in the z-direction should depend on the coupling of the wave
functions through the yttrium layer or rare earth layer that has replaced it. In the
former case a 4d orbital on yttrium may be involved; in the latter case, a 54 orbital or,
more probably, a 4f orbital. The coupling should be altered by the substitution in either
case.

It is possible that phase-ordering of bipolarons will occur near T, in the x-y plane.
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Onc: this ordering has proceeded far enough the coupling across the yttrium (or rare
earth) plane will become strong independent of the value of the local coupling constant
because an increased 2D correlation can easily compensate for a reduced z-coupling.

A remarkable observation of the elastic properties of the yttrium compound seems to
support the one-dimensional model of bipolarons. Below the transition point, the torsion
frequency increases by approximately 1%. If bipolarons extend in the x-direction, and if
interaction between these bipolarons is established by the phase transition in the
z-direction, then an increase in the torsion frequency should indeed be expected.

Measurements performed at Bell Labs’ on nuclear quadrupole resonance give explicit
information on the location of the superconducting electrons. The relaxation time of
nuclear spins depends on the ability of adjacent electrons to accept very small amounts of
energy. For cu?* in the perovskite plane, this relaxation time varies inversely with
temperature and shows only a small irreqularity at T.. The behavior is similar to that
found in common metals. But for the Cu3* excitations, the relaxation time is practically
temperature-independent above T., while below T., the relaxation time increases rapidly
with decreasing temperature. One may consider this as evidence that bipolarons, which are
ordered and frozen when superconductivity sets in, are found with highest probability in
the monoxide planes.

Recent observations (Walstedt et al., unpublished; Kohara et al., unpublished) raise
doubts about the assignment of observed resonances to the Cu ions in the monoxide and
perovskite layers. Our theory agrees with the original assignment. The observed relax-
ation times have been interpreted, so far, on the basis of the interaction of Gadolinium
f-electrons with the magnetic dipoles of the Cu nuclei. For a proper evaluation of the
relaxation times (longitudinal or transverse) the interaction through the hybrid wave
functions for electrons and bipolarons must also be considered. This could establish a
strong indirect coupling between the Gadolinium f-electrons and the cu3*
monoxide layer.

inns in the

In the search for superconductivity at even higher temperatures, high conductivities of
somewhat irreqular nature were found when some of the oxygens in the yttrium compound were
replaced by fluorine.8 Zero resistance was reported at temperatures as high as 160°K, and
small magnetic anomalies showed up even above 300°K. The ion F~ is more stable than 0?2-,
If the substitution occurs in the perovskite plane, fewer electrons may become available
in that layer of negative ions and fewer holes may participate in forming complex Bloch
functions., Other changes may be more important. Whenever a fluorine displaces an oxygen,
one more electron is injected into the system. Additional electrons may also be placed in
the x2- and yz-orbits in the perovskite plane. The result may be a higher or lower density
of bipolarons; this will influence the ordering of bipolarons and might account for the
observed phenomena above the critical temperature as well as for the increase in the
critical temperature.

The coupling between layers proposed in our model may depend on the location of the O
ions. Such dependence might actually be observed. The symmetric vibration of two oxygen
ions on the z-axis located below and above a Cu3+ ion in the monoxide plane may be excited
by irradiating the yttrium compound with two laser beams of different frequency, where the
difference of the energy of the light quanta equals the quantum of the vibration. Since
this vibration is apt to change the polarizability of the crystal near the Cu ion, an
effective excitation of the vibration should be obtained.
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One should expect that in the course of such a vibration, the values of ap and ap will
change. The group velocity, Vgyr in (7) may change in a sensitive way in the course of
such a vibration. Therefore, if a crystal carrying a strong superconducting current is
irradiated, the current is modulated by the vibration, and the frequency difference of the
two laser beams ohould be emitted in the infrared. The emission should be polarized
parallel to the current and should be proportional to the square of the current.

In principle, the experiment can be carried out ir a multicrystalline conglomerate, but
the small currents and correspondingly small emissions may make the observation difficult.
A further difficulty is that other nonsymmetric vibrations may be excited. Some are active
in the infrared and will emit even in the absence of a current.

The dependence of the current on the oxygen locations is hard to predict; at the same
time, if the right polarization and the right dependence on the current is observed, this
would give strong support to the model we are proposing.

Our model leads to a relatively simple coupling between oxygen-displacements and the
positions of bipolarons. For instance, one may find below the transition temperature T.
that bipolarons are located in every second Cu-0-Cu-O chain while the oxygens in the
intervening Cu-0-Cu-0 chains are polarized. This specific model relies on the bending
vibrations of oxygens with particularly low frequency and low restoring force. At the
same time bipolarons which are closest to each other in the x-y plane should be 180° out
of phase. This would reinforce their action in the oxygens located between them, Thus
the bipolarons would form a superlattice with a period four times the lattice distance.
(We are, of course, considering relative displacements of nearby oxygens rather than
absolute displacements.) The superlattice may become visible in the diffraction pattern
giving maxima at 1/4 of the lattice distance in the reciprocal lattice of oxygen ions.

The intensity of the subsidiary maxima should, however, be extremely small. The
relative oxygen displacements are of the order of the zero-point vibrations and the
observed intensities should be proportional to the square of the displacement. This
results in intensities less than 10~3 of the reqular interference spots.

If interference peaks indicating a superlattice are found this would show in an
explicit manner that high-temperature superconductivity is connected with a particularly
simple arrangement of the electrons.

Our model depends sensitively on specific properties of the lanthanum and yttrium
compounds. High temperature superconductivity seems, indeed, to be a rarity. It may
occur only under quite specific quantitative conditions. Those proposed in this paper may
not be unique. Other peculiar circumstances could well lead to pairing and ordering of
electrons at high temperatures and, thereby, to superconductivity.
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Abstract

Resonant photopumping is an attractive and potentially very efficient technique for
achieving x-ray lasing in plasmas. At the ©Naval Research Laboratory we are pursuing the
realization of one of the most promising photopumped schemes wherein heliumlike sodium pumps
heliumlike neon. The theoretical side of this research has revealed the conditions required
for the sodium and neon plasmas to maximize the possibility of photopumped fluorescence and
lasing. On the experimental side, a powertul (25 GW) z-pinch source of sodium line pumping
radiation has been developed and characterized. A separate neon plasma, driven by part of
the return current from the sodium-bearing plasma, has been deployed side-by-side with
respect to the sodium line source at a distance of 5 cm. The presence of photopumping has
been indicated in fluorescing spectra. The remaining steps toward achievement of an x-ray
laser are reducing the spatial separation of the pumped and pumping plasmas, increasing the
pump line power of the pumping, sodium-bearing plasma, and improving the uniformity and
stability of th neon plasma.

1. Introduction

For more than a decade, 1line coincident (resonant) photopumpiTg7has been considered a
promising approach for realizing x-ray lasers in a plasma medium. All x-ray lasers to
date, however, have achieved population inversions either by electron colliséonal excitation
or recombinatioun. Moreover, the shortest lasing wavelength yet ohtained” using resonant
photopumping is 2163 , well outside the x-ray region. Perhaps the most attractive
photopumping scheme which cou}d push the lasing wavelength an order—of—magnitudelshorter is
the use of the Na X 1s“-1s2p "P. line at 11.0027 A to pump the Ne IX 1ls“-1s4p P, line at
11.0003 &. At the waval Researth Laboratory (NRL), we have pursued this promising approach
in a coordinated experimental and theoretical program, and have made considerable progress
toward the goal of an efficient, photopumped x-ray laser. In Section 2, the fundamental
theory of lasing in this scheme, the constraints imposed by atomic physics on the plasma
properties, and the diagnosis of the pumping (sodium-bearing) and fluorescing or lasing
(neon) plasmas are discussed. Section 3 deals with the experiments which have been carried
out using NRL's Gamble II generator to produce both the pumping and pumped plasmas in order
to demonstrate fluorescence. Finally, in Section 4 our principal conclusions and the
outlook for obtaining lasing using this method are summarized.

2. Theory of the Sodium-Neon Lasing System

2The esgence of this approach to x-ray 1lasing is depicted in Figure 1. The very strong
1s“~1s2p "P, line ofzheliumlike Na X lies at a wavelength which differs by 2 parts in 10

from that o% the 1s%-1sd4p P line in heliumlike Ne IX. The existence of this line
coincidence and its significanCe for x-ray lasing were first pointed out by Vinogradov, et
al™ in 1975. This wavelength difference corresponds to only one Doppler width at typical
sodium plasma temperatures (200 - 500 eV) required to optimize radiation from the heliumlike
stage. Thus there is no question as to the adequacy of the wavelength match. The Ne IX
wavelength of 11.0003 A was calculated as describe in Refs. 9 and 10. The Na X waveisngth
of 11.0027 was calculated by Ermolaev and Jones. According to Martin and Zalubas, the
accuracy of such cglculations for a two-electron system in this atomic number range is at
least 1 part in 10~ (i.e., much smaller than a thermal line Doppler width). Therefore,
sodium line radiation of sufficient power streaming into a properly prepared neon plasma
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would be expected to overpopulate the Ne IX n-=4 singlet levels, leading to lasing in the 4-3
and 4-2 transitions, and possibly also the 3-2 lines. The lasing wavelengths would be
230 &, 58 &, and 82 &, for the 4-3, 4-2, and 3-2 transitions, respectively.

is2p 'P I 1s4p'P

S VAVA 58A 82A
11.0027A
/\/\/\

11.0003 A

i 1s2 'So 1s2 'So

He - like Na He- like Ne
PUMP LASANT

Figure 1. Simplified energy level diagram for sodium-neon resonant photopumping.

In the approach to fluorescence and ultimately lasing, we have followed a step-by-step
approach. First, develop and characterize an adequate sodium-bearing plasma pump source.
Then, develop and characterize a neon lasant plasma of proper conditions. Finally, deploy
the neon plasma close enough to the sodium plasma to facilitate resonant pumping - resulting
in fluorescence or possibly lasing. We now consider the desired characteristics of such a
system from a theoretical viewpoint. Section 3 describes the experiments and the results
obtained to date.

2.1 Desired properties of sodium pump source.

Detailed analysis of what is required for the heliumlike sodium line pump socurce has been
presented in Refs. 4 and 6. In brief, the gain achievable in the neon lasant plasma is
nearly 1inea5 in thf pump line strength. Therefore, the greater the power radiated in the
11.0027 & 1s -1s2p "P, line of Na X, the better, with one caveat. If the sodium plasma
becomes so optically %hick due to size, density, or combination of both that the continuum
power becomes competitive with that of the resonance line, over the same frequency interval,
all of the Ne IX levels will be optically pumped, extinguishing the gain. 1In practice this
condition has not occurred in any laboratory sodium-~bearing plasma, but it must be kept in
mind as higher power plasma configurations are designed.
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To obtain adequate pump power from a sodium-bearing plasma the density should be high and
the temperature should be in the upper end of the proper range for a substantial fraction of
the ions to be in the heliumlike stage. These factors promote substantial collisional
population of the upper radiating 1level without overionization into the hydrogenic stage.
In practice, an appropriate temperature range is 200-500 eV. Generally, the highest density
possible is desirable with the proviso, explained above, that the continuum radiation remain
well below that of the lines. Densities at least an order of magnitude higher than those
currently achieved (Table I) would be even more effective in generating pump power.

A sodium-fluoride capillary discharge plasma source has been developed and used on the
Gamble-II generator at NRL to produce a 4-~cm long sodium fluoride z-pinch implosion. This
source is discussed in Section 3. Spatially resolved sodium K shell x-ray spectra have been
measured and used in conjunction with a detailed atomic model of sodium to determine the
properties of this plasma, which contain as many fluorine ions as sodium ions. Properties
of this plasma, based on the analysis of Ref. 13, are summarized in Table I below.

Table I. Properties of Sodium Fluoride Z Pinch Plasmas

3

Shot Diam. (cm) Pulsewidth(ns) Pump Line Yield(J) Ne(cm— ) Te(eV)
A 0.22 20 610 3.6 x 1020 240
B 0.28 14 380 8.2 x 101° 490
c 0.32 17 350 6.7 x 101° 470

The quantities in this Table have been spatially averaged along the z-pinch axis. Ref.
13 should be consulted for the detailed spatially-resolved analysis. The pulsewidth given
in Table I is the full-width-at-half-maximum of sodium K shell radiation. Note that Shot A
was most effective in producing pump 1line radiation, converting 6% of the 10 kJ of
electrical energy coupled into the plasma into 610 J in the pump line. If a pure sodium
source were used, this efficiency is likely to increase to at least 10%, as half the energy
coupled to the sodium fluoride plasma is wasted in stripping and exciting fluorine ions.
Inspection of Table I reveals that for these z pinch plasmas, moderate temperature and high
density is most effective for x-ray production, as opposed to high temperature which in this
case 1is associised with considerably lower density. This behavior was also found by Gersten
and co-workers for aluminum wire z pinch plasmas.

2.2 Desired properties of the neon lasant plasma.

We now consider the neon plasma properties required for fluorescence and/or gain. The
lower lasing levels of this system are the n = 2 and n = 3 singlet levels of heliumlike
neon. It is clearly desirable to minimize the population of these levels. Therefore, the
neon plasma should remain at the lowest possible temperature that supports a substantial
heliumlike ground state population., Such a temperature range has been found to be 50-100 eV
by detailed numerical calculations. At these relatively low temperatures the collisional
excitation rates of the 1lower lasing levels are nearly negligible and tTe population
dynamics will be controlled completely by the radiative pumping of the ls4p "P. level and
the resulting cascade. The optimum densities for the neon lasant plasma are cofitrolled by
the usual tradeoffs. At high density, collisional mixing of the lasing levels spoils the
gain, whereas, if the lasing plasma density becomes too low, there are simply not enough
lasing ionszﬁo sggport a significant gain. For Ne IX, the high-density cut off occurs near
N =2 x 10 cm for the 4-3 transitions at 230 but substantial gain may be possible,
d%pendigg o§3the pump strength, at considerably lower electron densities ranging down to
4 x 10 com T

With respect to the neon plasma size, the limiting factor is the optical depth of the
1-2 and 1-3 resonance lines which through photon trapping, can enhance the populations of
the n = 2 and n = 3 singlet levels, thus quenchng the ?ain. Numerical calculations have
shown that_optical depths up to about ten in the 1s“-1s2p "P, line of heliumlike neon can be

tolerated. This applies to a stationary plasma. Differential mass motions would relax
this limit as some of the photonfawoulg3 be Doppler-shifted out of the highly absorbing line
core. At an ion density of 10 cm with 50% heliumlike neon, the optical depth limit

corresponds to a diameter of 0.7 mm, for the pessimistic case of a stationary plasma.

2.3 Theoretical fluorescent spectra and achievable gain.

If the pump line strength is expressed in terms of equivalent blackbody brightness
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temperature Tb’ the gain in the 4f-3d singlet transition (230 &) is given approximately by

k(em 1) = 10% exp (-1127/T, (eV))
at the favorable electron density of 1019 cm~3. We have assumed one-sided irradiation of
the neon in the above expression. Our best Gamble-II sodium implosions with a yield of

600 J in the pump line cannot be directly translated to monochromatic intensity because high
resolution line profile measurements have not been made. However, for the somewhat
conservative assumption that the sodium line is ten times wider than,the neon pumped line
(due to greater Doppler and opacity broadening) a gain of 0.1 cm is determined for a
separation of 5 cm. This gain is inversely proportional to the distance between the plasmas
and directly proportional to the pump line vyield. As a first step toward establishing the
presence of photopumping, calculations have been performed of the neon K-shell spectra
expected to be emitted from both pumped and non-pumped neon plasmas. The non-pumped neon
spectra are characteristically thermal, and the intensities of the heliumlike resonance
lines decrease monotonically with higher series lines. For neon plasmas Bumpedlwith the
Gamble-II source at a distance of 5 c¢m, the calculations predict that the 1ls“-1s4p P, line,
of Ne IX should be anomalously brigh§ for all femperatures from 50 to 150 eV. At the higher
end of this temperature range the 1s® - 1ls2p P, line is brighter than the pumped 1-4 line,
but the pumped line is stronger than the adjacent 1-3 line. If the neon plasma temperature
is less then 100 eV, the 1-4 1line intensity exceeds even that of the 1-2 line. As will
become evident in Section 3, types of fluorescent spectra corresponding to both the high and
low ends of this temperature range have been produced on Gamble~II, providing direct
evidence of x-ray photopumping.

3. Fluorescence Experiments

The experimental setup used for the fluorescence experiments is shown in Figure 2. The
Gamble II generator is located to the 1left of the figure and is charged negative with
respect to ground. An externally driven capillary discharge source injects sodium fluoride
plasma across the 4-cm diode gap. A confining nozzle (1 to 2-cm dia) restricts radial
expansion of the plasma from the capillary source. Up to 1.2-MA of current from Gamble II
is driven through this low impedance 1lcad to implode the plasma. The capillary discharge
source andlgr?gerties of sodium fluoride plasmas imploded on Gamble II have been described
elsewhere. ™' Such implosions have produced total sodium K-shell x-ray powers in excess
of 50 GW and sodium He-@ pump line powers of up to 25 GW. Current from the Gamble II
generator flows from the wire mesh cathode through the sodium fluoride plasma and back to
ground through an array of current return rods equally spaced azimuthally around the axis.
For this experiment, one of these rods 1is replaced with a neon plasma column as shown in
Figure 2. Only a fraction of the total current flows through the neon. It is estimated
that about 200 kA of current is required to heat the neon to 50-100 eV temperature. The
neon column is produced by puffing gas through a fast opening valve and a 6-mm diameter
copper tube aimed as shown. The neon mass 1is adjusted by varying the plenum pressure
upstream of the valve. No effort has been made to optimize the gas flow (e.g., by using a
supersggic nozzle instead of an open tube), and as a result the neon implosions are far from
ideal. Currents through the sodium fluoride and reon plasmas are measured with the
Rogowski current monitors shown in Figure 2.

X-ray radiation from both plasmas was measured in the radial direction. The sodium
fluoride plasma was viewed through gaps between the current return rods. Diagnostics
included time-resolved x-ray diodes (sodium K-shell and neon L-shell), time-integrated
pinhole cameras (sodium K-shell and neon L-shell) and a KAP curved crystal spectrograph.
The spectrograph was aligned to the neon plasma in order to record neon K-shell emission.
The sodium K-shell emission, which reached the crystal from a different angle, was reflected
in second order and collected at a different location on the film, well separata2d from the
neon spectrum. The primary purpose of the spectrographic measurements was to detect
fluorescence through anomalously strong He-Y (11 A) line emission from the neon plasma.

Current and x-ray diode traces for a shot where the sodium fluoride and neon plasmas were
imploded are shown in Figure 3. A peak current of 1 MA flows through the sodium fluoride
plasma while only 150 kA flows through the neon plasma. The sodium implosion occurs 110 ns
after the start of the current with the emission of an intense burst of K-shell x-rays. The
neon implosion, as evidenced by the peak in the L-shell radiation, precedes the sodium
fluoride implosion by 25 ns.

The neon K-shell x-ray spectrum for this shot 1is compared in Figure 4 with the spectrum
from a shot where no sodium plasma was present. For the top spectrum in Figure 4, the
sodium plasma was replaced with a 1l-cm dia metallic rod. The presence of both NeIX and NeX
line emissions in these time-integrated spectra indicates that the neon was significantly
hotter than the desired 50-100 eV temperature at some time during the implosion. The
spectrum without the sodium was produced with 240 kA through the neon. This spectrum is
more intense and represents a significantly hotter and/or denser plasma than the spectrum
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with the sodium pump. The top spectrum is representative of a thermal neon plasma,l3'18
while the reversal in the ratio of the NeIX He-Y and He-B line strengths in the bottom
spectrum is striking in comparison. We have no reasonable explanation for the He-Y/He-B
line ratio exceeding unity in this spectrum except by resonantly photopumped fluorescence.
There is no spectral evidence of sodium or fluorine line radiation from possible migration
of sodium fluoride plasma into the neon implosion. Two points should be emphasized. First,
these spectra are densitometer traces, not x-ray intensities, so relative amplitudes of
lines will change upon further analysis without however changing the basic conclusion that
fluorescence is observed. Second, the spectrum is time-integrated, thus the strong NeX L-@
and NeIX He-a lines were probably emitted during the neon implosion (85 ns in Figure 3)
rather than at 110 ns when pumping occurred. Since the spectra indicate that the neon is
significantly hotter than the desired 50-100 eV at implosion, this delay in the sodium
fluoride implosion may allow the neon plasma to cool before the pump radiation is emitted.
We can speculate that a time-resolved spectral measurement would show a stronger fluorescing
He-Y line relative to the other NeIX lines in the spectrum at the time of pumping.

On another shot, the c¢rystal spectrograph was configured to measure K-shell x-ray
emission in first order from both the sodium fluoride and the neon implosions. The relative
timing of the implosions was similar to that shown in Fig. 3 so that the condition of the
neon plasma could well be appropriate for fluorescence at the time of the sodium fluoride
implosion. The spectral film recording for this shot is presented in Fig. 5. The spectrum
is dominated by intense NaX and NaXI 1line radiation. Several of these sodium K-lines are
saturated. Because the sodium and neon plasmas are separated in space, their K-shell spectra

Ne,He-y

-

- AR K-lines 4 Na X

He-a
Na Xl pump
> . >

Na K- lines

Figure 5. Film recording of the K-shell x-ray spectrum for a shot where both sodium fluoride
and neon are implcded. The neon He-Y line 1s Just tc the left of the Ka XI Ly-« line, The
aluminum lines arise from the use of an aluminum nocuzzle.
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are not coincident, even for the same wavelength. We can calculate, knowing the separation
of the two sources, exactly where each necn line should appear relative to the sodium lines.
The narrow line just to the left of the NaXI L-@ line appears at ezactly the location where
the neon He-Y fluorescence line is expected. No emission was detected correspounding to the
NeIX He-a and He-B lines. The presence of the He-Y line and the abnence of the ie—a snd
He-B lines are cigsist%nt with resonance photopumping of a relatively cold (~ 0 eV) and
tenuous (Ne < 10 em™7) neon plasma. At higher electron densities, collisicnal coupling in
the cascadé process would lead to detectable He-@ and He-B emission.

4, Conclusions and Outlook

In summary, we have taken theoretical predictions of resonant photopumping of neon by thre
sodium He-a line and have devised an experimental sgystem to test these predictions, The
theory indicates that a reversal of the normal ratio of the He-Y and He-B lines due to coin-
cldent photopumping should be detectable on Gamble II. The experimental geometry permits us
to drive different currents through each of the plasmas on the same Gamble-II shot and
thereby to achieve conditions appropriate for fluorescence. The preliminary spectroscopic
results provide evidence for fluorescence on some shots.

For Ehe nominal separation of 5 cm between the sodium and neon plasmas, a gain of about
0.1 cm™ in the 4f ~ 3d singlet lasing transition is theoretically obtainable with the opti-
mum experimental pump power. This gain 1s proportional to the pump power and inversely pro-
portional to the separation. Several improvements are plammed to confirm the fluorescence
observations and possibly to provide conditions necessary for lasing on Gamble IT. e plan
to improve the sodium pump bggreplacing the sodium fluoride capillary discharge with a pure
annular sodium plasma source which is under development. Such a source will nct only
nearly double the pump line radiation by eliminating the fluorine, but because of its thin
annular shape and uniform density, will produce better behaved, axially simultaneocus implo-
sions which should further increase the pump line power. Improvements in the neon plasma
include replacing the open tube with a =supersonie mini-nozzlc and driving the neon plasma
independently of the Gamble I1 generator with an external capacitor bank. With better
collimated sodium and neon plasma sources, the distance between the two plasmas may be
decreased by at least a factor-of-two.
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ABSTRACT

A scheme employing neonlike krypton ions
is under intensive theoretical and
experimental investigation to determine the
feasibility of developing a pulsed-power
driven laboratory x-ray laser. The scheme
depends on discharging 100’s of kilojoules of
electrical energy through co-axial
cylindrical krypton gas puffs generating a
dense, hot, uniform, homogeneous, and highly
ionized krypton plasma. The outer plasma is
accelerated radially inward; and achieves
speeds approaching 4-5 x 10" cm/sec. When it
impinges and stagnates on the inner plasma,
an inwardly propagating shock wave is
produced, and the inner plasma reverberates
and bounces outward. Near the interface
between the two interacting plasmas, and
along the axis, conditions appear to be
conducive to the establishment of a
population inversion with the subsequent
emission of coherent soft x-~rays with
measurable gain. The theoretical analysis
and numerical simulations are based on a
fully coupled self-consistent one-dimensional
non-LTE radiation hydrodynamics model
including the effects of opacity and
radiation transport. The multi-level
ionization dynamics is evaluated in the
collisional radiative equilibrium (CRE)
approximation for the manifold of both ground
and excited states distributed throughout the
various stages of ionization. 1In addition,
particular emphasis is placed on the atomic
structure of the neonlike ionization stage
which in our model consists of 48 excited
levels in j-j cougpling. The evolution of the
level populations as functions of the various
atomic processes provides information on the
conditions necessary to establish population
inversions and the emission of coherent
radiation in the lasing transitions. At the
densities of interest the spectral line
profiles are represented by voigt functions.

INTRODUCTION

Since the successful laboratory
demonstra . n of soft,xxray lasing using a
laser produced plasma™’ either as the gain
medium or as a broadband x-ray source to
photopump specially designed targets
generating conditions conducive to lasing, a
number of alternative drivers have been
proposed. Chief among the alternative
technologies is the pulsed-power capacitively
discharged z-pinch plasma. In the past,
pulsed power driven z-pinch plasmas were
developed as intense high brightness x-ray
radiation sources for application in
materials testing, spectroscopy studies of
high-z ions, and x-ray lithography.
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Unfortunately, the history of these plasmas
has not made them prime candidates for x-ray
laser gain mediums because of their unstable
behavior. A major reason for this
predicament is that pulsed power driven
material loads have not enjoyed the benefit
of long years of detailed studies in target
design; a hallmark of the laser fusion
program. Recently, however, advances in the
technology of load materials and
configurations combined with an improved
theoretical understanding of the load
dynamics has led to a revival of the z-pinch
plasma as a potential source of x-ray lasers.

Experiments at both the Naval Research
Laboratory (NRL) and Physics International
Company (PI) have indicated the possibilities
for this new emerging technology. At NRL the
sodium/neon system, which is the prototype of
the line coincidence photopumping schemes, is
under intensive investigation. Preliminary
results appear to indicate that resonance
fluorescence has been achieved in the pumped
transitions. The scheme involves imploding
and heating a sodium plasma on the GAMBLE II
generator to temperatures commensurate with
producing the sodium He-like resgnance pump
line to photopump the He-like 1s5“-1sd4p P
transition in a relatively cool neon plasma
in a side by side configuration. These
experiments are very encouraging and methods
and techniques will continue to be
investigated in order to increase the power
in the pumping line sufficiently to achieve
measurable gain in the lasing transitions.
Another series of pulsed power z-pinch
experiments at PI involves stagnating an
outer gas puff plasma onto a cylindrically
symmetric coaxial core plasma located on the
axis. Two different configurations have been
investigated; the,first involves concentric
krypton gas puffs® and the second involves a
neon puff gas plasma stagnating onto an
aluminum coated parylene post on the axis.
The krypton design explores the possibility
of creating an inversion and gain in the
lasing transitions of neonlike krypton. The
experimental results are somewhat uncertain
because of the existence of line admixtures
at the lasing wavelengths. On the other
hand, the theory supports the existence of
gain for a given set of implosion conditions
discussed in the text. Preliminary
experimental results from the second
configuration strongly suggests gain in the
lasing transitions in lithiumlike aluminum as
the aluminum plasma expands, cools, and
recombines after collision with the inward
moving neon gas puff plasma. All these new
experimental results indicate that with
proper design, z-pinch plasmas have a




promising future as a potential source for
laboratory x-ray lasers.

In support of the experimental program
there has been significant advances both in
the theoretical and computational description
of the dynamics characterizing a variety of
load configurations and geometries. With
applications ranging from fusion plasmas to
x-ray source development, the theoretical
models vary in their degree of complexity
ranging from the simple Bennett pinch
equilibrium models to the sophisticated
multidimensional MHD models. The major
emphasis in the past, and to some extent
today, has focused on the hydrodynamic
behavior of the implosion/explosion
phencmenology. For low-z plasmas, or more
specifically hydrogen plasmas, radiation
cooling is described by bremsstrahlung, and
the MHD models do reasonably well in
describing the plasmas evolution. However,
for partially ionized higher-z plasmas
radiation loss from recombination and line
radiation far exceeds any by bremsstrahlung
and must be incorporated into the models
because it represents a major energy loss and
will affect the dynamics in ways that are
obvious and in ways that are quite subtle.
Although this problem is well recognized by
now, it is still inadequately dealt with;
recourse is oftentimes made to models
involving blackbody radiators or LTE average
atom models. Radiative loss terms
represented by blackbody emitters grossly
overestimate the radiation cooling rate and
provide an erroneous description of the
dynamics. Similarly, the average atom model
resorts to Local Thermodynamic Equilibrium
(LTE) arguments constraining the plasma to be
in LTE and averages over the details of
atomic structure vitiating any meaningful
comparison Letween theory and experiment.

Due to the efforts of the NRL group, major
improvements have been made in the modeling
of radiating z-pinch plasmas. The capability
now exists to model self-consistently the
full non-LTE radiation MHD behavior of z-
pinch plasmas, including opacity effects on
the heating and cooling rates as well as the
influence of radiation on the instability
growth rates. In an x-ray laser environment
the interplay and feedback between the atomic
processes, radiation, and hydrodynamics is an
extremely important and delicate interaction
that ultimately determines whether lasing
becomes a reality.

To model the experimengs at PI and in the
spirit of our earlier work  we investigate
the behavior of a krypton gas puff plasma
impinging and stagnating onto another krypton
gas puff plasma located on the axis. It has
been found experimentally that upon collapse
the inner plasma has a strong stabilizing
influence on the outer plasma and appears to
retard the development of plasma
instabilities, creating a fairly uniform
plasma in the interaction regign where lasing
may thus be expected to occur. The strategy
is to choose initial conditions such that in
the interaction region between plasmas, the
temperature and density support the existence
of sufficient quantities of neonlike krypton
for times long enough for the various atomic

processes to create a population inversion in
the upper 3p and 3d levels, which will
subsequently radiatively decay to the 3s and
3p levels, respectively, in the lasing lines.
The model used to describe the implosion
dynamics is a 1-D radiation hydrodynamics
model including a self-consistent treatment
of: (a) hydrodynamics and thermal
conduction, (b) atomic dynamics, and (c)
radiation emission and transport.

The basic hydrodynamic variables of mass,
momentum, and total energy are transported in
one dimension using a numerical scheme with a
sliding-zoge version of flux corrected
transport. A special gridding algorithm is
used that moves zones in a Lagrangian fashion
and adjusts the mesh in order to resolve
gradients in the flow. A single temperature
assumption is made in the core plasma, where
the equilibration time is of the order of
picoseconds, and is adequate in the
stagnation region, where the equilibration
time can be of the order of nanoseconds; the
time scale for significant changes in
temperature is about an order of magnitude
longer. The local rate of change of energy
resulting from radiation transport, ¢ d’
will be discussed below. ra

Most gas-puff implosion experiments
employ an azimuthal magnetic field driver,
whereas the calculations we will describe do
not consider the effects of magnetic fields,
but instead assign an initial radial velocity
to the puff-gas plasma. This allows us to
study the physics of imploding plasmas in an
idealized framework, without the
complications of an external driver and
coupled circuit. We have codes that include
the magnetic field and intend to consider
more general configurations in future work.
In a driven implosion with an optimized load,
we expect a nearly uniform velocity to be
ultimately achieved, but density and
temperature gradients will be produced in the
puff, particularly near the outer edge, where
Joule heating produces a layer of hot plasma.

The atomic level populations in the
plasma are determined by a set of rate
equations. For sufficiently dense plasmas,
the effective population and depopulation
rates are generally fast compared with the
hydrodynamic response. Under these
circumstances, an equilibrium assumption can
be justified, which involves dropping the
explicit time dependence. The plasma is then
said to be in collisional-radiative
equilibrium (CRE), whereby the plasma
ionization state responds instantaneously to
changes in hydrodynamic quantities.

The atomic model for krypton consists of
about 100 levels and 300 emission lines.
This includes all the ground states and
selected excited states distributed
throughout the M-, L-, and K-shells. 1In
addition, a detailed neonlike model in j-j
coupling containing an additional 48 excited
levels is incorporated into the overall
atomic model in order to provide a better
picture of the dynamics of the neonlike
levels and the lasing transitions. The rate
coefficients that are used to calculate level
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populations are obtained using various atomic
calculational methods. The processes
included in this simulation and the methods
used in generating the corresponding rgte
coefficients are summarized elsewhere. An
abbreviated Grotian diagram illustrating the
lasing lines along with their wavelengths and
spontaneous decay rates is shown in Figure 1.

Laging transitions

A= 721

Figure 1. Energy Level Diagram for neonlike

Krypton.

Inner-shell opacities are included in the
model, since these processes are very
important in the cool, dense plasma regions.
Inner-shell photoionization cross sections
for the neutral element arg calculated as
described in Duston et al.’ and the positions
of the ionization-dependent absorption edges
in the low density limit are taken from the
HartreexFock calculations of Clementi and
Roetti.

Radiation emission from and absorption by
a plasma are dependent on the local atomic
level population densities. Except for
optically thin plasmas, the level populations
depend on the radiation field, since optical
pumping via photoionization and
photoexcitation can produce significant
population redistribution. Thus, the
ionization and radiation transport processes
are strongly coupled and must be solved self-
consistently. In this model, an iterative
procedure is used, where level populations
are calculated using the radiation field from
the previous iteration, then using these
populations to calculate a new radiation
field and recalculating populations until
convergence is reached.

A probabilistic radiation transport
scheme is employed, which forms local angle
and frequency averaged escape probabilities
for each emission line and for each bound-
free process. Free-free radiation is treated
with a multifrequency transport formalism.
The escape probabilities calculated for the

transport of bound-bound radiation take into
account Doppler and Voigt line profiles. The
method can treat comprehensive atomic models
and provides good overall energetics, but
cannot calculate accurately certain spectral
details and lines with very high optical
depths. Multifrequency transport of lines
and continuum is adequate for the above but
requires lengthy computer simulations.

Results

The numerical simulations were performed
for an outer hollow cylindrical annular
krypton puff gas with a gagssian mass density
distribution of 140 wggm/cm” with its centroid
located 15mm from the origin and an inner
coaxial cylindrical krypton puff gas with a
gaussian mass distribution of 20ugm/cm™ with
its centroid located lmm from the origin.
The configuration is schematically
illustrated in Figure 2. The initial
temperature and particle density of thelguff

as and core plasma ajg 2.5;ev and 2x10"7 cm™

and 0.5 ev and 2x10 cm ~, respectively.
A tenuous background plasma was placed
between the puff,and coge plasmas with a mass
density of 5x10 gm/cm~. The results of the
simulation are insensitive to this value,
which was chosen for numerical convenience.
Finally, the outer gas puff plasma is given
an initial kinetic energy corresponqing to a
radial implosion velocity of 4.5x10° cm/sec.

<t B i AR

INNER SLFF
2ue Sem3

Figure 2., 1Initial conditions for Gas Puffs.

The outer plasma continues to move
radially inward until its leading edge makes
contact with the boundary of the core plasma
where it stagnates onto and begins to cause
compression of the core. During this phase
of the implosion, the kinetic energy of run-
in is redistributed into thermal, ionization,
radiation and kinetic energy associated with
the generation and propagation of weak shocks
and rarefaction waves as well as the outward
motion of material after the "bounce." This
oscillatory motion continues until it is
damped by viscous forces. As energy is
converted during the stagnation process
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photons are emitted over a broadband spectrum origin until about 34 nsec and the

extending from the visible to the soft x-ray
regime preheating the core plasma which
itself begins to radiate. The interface
region between the interacting plasmas and,
especially, the compressed core plasma is
where we expect conditions conducive to
lasing to occur.

The phenomenology of the assembly phase
of the implosion dynamics is best
characterized by the behavior of the
hydrodynamic variables, particularly the
temperature, density, and pressure and the
cooling rate by radiation. Specifically
focusing on the times corresponding to the
first assembly phase we present, in the next
three figures, the temporal variation of
these variables as a function of
displacement, extending from the origin out
to 0.08 cm. The ordinate is normalized in
order to illustrate the behavior of all the
variables on a single figure. The scale
factor for each vgriable is given by:
density x 1 gpgcm”, tegperature x 1 evyy
pressure x 10 erg/cgs, velocity 10
cm/sec, and tr x 10 erg/sec cm”~. For
example, from ??gure 3, the graph_xalue of
the velocity at 0.08 cm is 4.5x10 11
multip%ied by the scale factor (107 ") yields
4.5x10" cm/sec, the initial velocity.
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Figure 3. Hydrodynamic Profiles as a

function of Displacement at 32.98 nsec.

Based on the sequence of events, the
following conclusions can be drawn from the
hydrodynamic profiles. Figure 3 presents a
snapshot view of the spatial variation of the
profiles at about 33 nsec into the
simulation. As the inward propagating shock
reaches the central axis at about 28 nsec,
there is strong heating near the axis. The
temperature reaches about 750 ev, but
radiation cooling and hydrodynamic effects
quickly reduce the temperature on axis. Ion
number density monotonically increases at the

temperature decreases. The plasma remains
quite warm, however, a short distance from
the origin, where the density begins to fall
off sharply. By 33 nsec. the temperature at
the origin has dropped to about 150 ev;
however, at about 0.025 cm the temperature
peaks in excess of 700 ev. From the velocity
gradients at this time, it is evident that
the plasma is compressing in the vicinity of
the hot shell. Notice that the velocity is
negative (directed toward the origin)
everywhere at 33 nsec. Contour plots of
density and temperature over space and time
will be discussed below. By referring to the
contour plot of temperature, it will be seen
how the shell of warm Krypton evolves. Also
note that because the gradients in
temperature and density are in opposite
directions the radiation cooling rate is
subject to relatively large variations over
relatively small gradient scale lengths.

Just after 33 nsec, plasma near the origin
begins to expand in a complicated fashion:
parts of the plasma move outwards while other
parts are moving inwards. This behavior
produces compressions and rarefactions in the
core plasma leading to heating and cooling in
localized regions. At 34.22 nsec, it is seen
on Figure 4 that plasma a short distance
(0.008 cm) from the origin is expanding
radially, while plasma is moving radially
inwards elsewhere. The contour plot of
temperature will clearly exhibit the
localized regions of rapid heating and
cooling from 33 to 36 nsec.
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Figure 4. Hydrodynamic Profiles as a
function of Displacement at 34.22 nsec.

Relief of the very large pressure gradient
which built up at 34.22 nsec results in a
virtual stagnation at about 0.035 cm, shown
on Figure 5 at 35 nsec. Plasma i> nun wuving
radially outward within the region and
colliding with imploding plasma. As a
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result, a fairly broad shell of hot plasma
(lkev) has been produced. Since the ion
density is fairlv small over much of this
region, the radiative cooling rate is
correspondingly reduced, and the high
temperatures can be maintained.

hydro profiles 35.00 nsec
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Figure 5. Hydrodynamic Profiles as a
function of Displacement at 35 nsec.

A novel way of presenting the results of
the numerical simulations is to illustrate
by contour plots the behavior of the
hydrodynamic variables. The contour plots
complement our earlier figures as well as
provide a better picture of the course of
events. In the following figures time runs
along the vertical axis from 27 to 36 nsec
and displacement (or radius) runs along the
horizontal axis from the origin out to 0.08
cm. The values of the different colors are
coded on the Right Hand Side (RHS) of the
figures. There are several ways to
understand and interpret the results. One of
the easiest is to choose a time and then
observe how the parameters vary from larger
to smaller displacements and simply repeat
the process for increasing times. Also, much
of what has already been said is repeated
here in order to provide commentary with the
results. The radial temperature history is
shown on Figure 6 over distances mainly
confined to the compressed core plasma and
the interaction region.

The brighter regions are primarily the
result of compressional wave heating or weak
shocks. The expanding darker regions later
in time extending from the axis outward
reflect the effects of radiative cooling
while the brighter regions from 34 nsec on
indicate heating due to weak shocks moving
outwards. The temperature peaks around 1 kev
in this region. The ion density is shown on
Figure 7 where it is seen that as time
increases the density along the axis

increases where the plasma is compressing.
These high pressures near the origin slow
down the incoming plasma creating velocity
gradients at about 33 nsec. Thus, kinetic
energy is constantly being thermalized in
this region, commencing just after the on-
axis assembly. Radiation cooling in this
region falls off sharply with radius
following the corresponding density falloff.
Just after 33 nsec, the plasma near the
origin exhibits both inward and outward
flowing plasma. This produces compressions
and rarefactions leading to heating and
cooling in localized regions. At just after
34 nsec, the plasma at about 0.008 cm from
the origin is expanding radially while
elsewhere the plasma is moving radially
inwards. From the contour plot of
temperature shown on Figure 6, it can be seen
that alternating rapid cooling and heating is
produced from 33 to about 36 nsec in
localized regions. At about 35 nsec a
pronounced stagnation is produced, as warm
plasma recoiling radially outwards collides
with imploding plasma. This results in the
formation of a fairly broad shell of hot
plasma (about 1 kev).

The fraction of neonlike krypton ions in
the ground state is showr on Figure 8. Since
the fractional abundance of neonlike ions is’
strongly temperature dependent and only
weakly density dependent, it is not too
surprising to observe that the number of
neonlike ions tracks the temperature. The
greater abundances occur for temperatures in
excess of about 400 ev which is about the
temperature commensurate for the appearance
of neonlike krypton.

Shown on Figure 8 are a number of
localized regions where the fractional
abundance of neonlike ions exceed 50 % and a
few reglons where it is upwards of about 70%,
i.e., in those regions of the plasma anywhere
from 50 to 70 percent of all the ions are in
the neonlike ground state. A very propitious
situation, indeed, for our proposed x-ray
laser scheme!

Conditions conducive to a population
inversion leading to gain in the lasing
transitions were achieved for six of the,
lines considered: the 172, 186 and 184 A 3p,
to 3s transitions, and the 172, 170 and 175 A
3d to 3p transitions. Reference to Figure 1
shows the details of the respective °
transitigns. Gain contours for the 172 A and
the 184 A 3p-3s lines are shown on Figures 9
and 10, respectively. Gains of one or more
occur in highly localized regions eventually
achigving values in excess of 10/gm for the
172 A line; and 3/cm for the 184 A line. The
atomic processes contributing to the gain are
predominantly due to recombination and
electron impact excitation. The gain for the
172 A line extends over the largest radial
region extending from the origin out to about
0.048 cm from 28 to 29 nsec. A more
localized region gccurs from 34 to 36 nsec.
Gain for the 184 A line, which is due
predominantly to electron collisional
excitation, is confined to a smaller region
peaking around 35 nsec. Note, that on the
scale on the RHS of the gain profiles some of
the values represented are negative numbers
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and correspond to the absorption of
radiation.

An identical simulation w3s performed for
an initial velocity of 4.0x10° cm/sec. The
reduced implosion velocity resulted in a
lower temperature and a correspondingly
smaller fraction of neonlike krytpon gear the
axis. The resulting gain in the 172 A 3p-3s
line is shown in Fiqure 11; gains in excess
of 5/cm are achieved over temporal and
spatial scales comparable to those in Figure
9. Gains in the other transitions considered
were somewhat smaller than thosg obtained at
an implosion velocity of 4.5x10' cm/sec.

The major point to be made is that it is
possible to achieve a population inversion
and gain in all of the expected lasing lines
from our imploding plasma simulations. The
final confirmation of whether this approach
is feasible is currently unfolding with the
analysis of the experimental observations.
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Fig. 6 Temperature contours as
displacement and time.

Fig. 7 lon density contours as
displacement and time.
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a function of Fig. 9 Gain/cm contours of the 172 A line as a
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>OPULATION INVERSION AND POSSIBLE LASING AT
150.6, 154.6 AND 187.3A IN PULSED POWER DRIVEN 2Z-PINCHES*
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P.O. Box 1538, 2700 Merced Street, San Leandro, California 94577

Abstract:

The DNA/PITHON pulsed power generator was used to produce hot, dense, aluminum plasmas in
a 2—88nch_§onfiguration. The pinch produced 3-cm- and 5~cm-long Al plasmas with densities
~ 10 cm and temperatures ~ 500 eV, with a 25 ns duration. After the implosion, the Al
plasma expanded and cooled for the next 50 ns, producing Li-like Al XI ions by recombination
from He-like Al XII ions. A cime-gated, grazing incidence spectrograph captured three con-
secutive 25 ns duration spectra from the plasma. These spectra provide evidence for popula-
tion inversion and possible lasing at 150.6 (4d-3p) and 154.6A (4f-3d) in Al XI, and also at
187.3A (4-3) in Ne X. A rough estimate of the gain-length product for these lines is 3-4.
From measured K-line yields in neon, using branching ratios and detector response, it was
estimated that the total energy output of these laser lines = 60 mJ/pulse. Further confir-
mation of lasing requives length scaling and simultaneous on-axis/off-axis measurements.

1. Introduction
Rescarch is underway at NRL, Sandia Labs and Physics International to demonstrate pulsed
power driven X-ray lasers. Such lasers are inherently more efficient than laser-driven
X-ray lasers because focused electrical energy is the most efficient means for pumping an
active, X-ray laser mediuT. Several laboratories have demonstrated X-ray lasers driven by
longer wavelength lasers. -5 pulsed power driven Z-pinches can be used directly as the
laser guin media, or alternative'y, the copious X-ray emissions from these pinches can be
used to photo-pump adjacent media. The research effort at PI has studied neon-like krypton
lasers in krypton-on-krypton gas puff Z-pinches, resonant photo-excitation of neon ions by
sodium ions from a 2-pinch, and recombination pumped lasers in expanding Z-pinches of neon
and aluminum. This paper reports time-resolved measurements of XUV emissions from recombin-
ing Ne and Al plasmas. Evidence is presented for anomalous brightness of the 4d-3p and
4t-3d lines of Al XI at 150.6 and 154.6A, and of the Ne X 4-3 line at 187.3A. The spatial
and temporal variations of these line intensities, when compared with several n = 3-2 and
n = 4-2 lines of Al XI and Ne X, suggest inversions and gains. Gain-length products of 3-4
are estimated. The energy/pulse in these laser lines is estimated to be 60 mJ.

2. Experimental Results

Figure 1 is a schematic drawing of the experimental configuration that was used to pro-
duce %he Ne and Al plasmas. Neon gas puff Z-pinches are driven by the DNA/PITHON gener-
ator. Multi-megampere currents cause the puff to implode on to a l.6-mm-diameter capillary
Joad on axis. The capillary is of low mass parylene with an aluminum coating on the out-
side. The neon implosion heats the Al to fOEB a lgnear plasma, which is estimated tc have a
density (during the 25 ns implosion) of = 10 cm™” and a temperature of * 500 eV. X-ray
spectra reveal that the Ne and Al plasmas are in K-shell ionization states during the 25 ns
implosion. After the implosion, the plasma at the capillary surface expands and cools,
producing Li-like Al from He-like ions and H~like neon from fully stripped ions.

The recombination that produces Al XI and Ne X ions proceeds in two ways: radiative
recombination favors the ground and lower levels of the recombined ionié thrge—body recom-
bination favors the higher lying (Rydberg) levels. For densities ~ 10 cm”” and temper-
ature ~ 30 eV, it is estimated that strong population inversions can be produced 1n the
n = 4 levels of AL XI and Ne X.

Figure 2 shows the arrangement of the diagnostics. X-ray spectra were obtained trans-
verse to the Z-pinch axis. A time-resolved, X-ray pinhole camera also viewed the pinch in a
transverse direction. The grazing incidence spec-rnograph (MCPIGS) viewed the pinch along
its axis. A set of three cross-slits imaged the pinch on to the three framing strips <f the
MCPIGS. 1In this manner, the time-gated spectra were also radially resoulved. The radial

*Rescarch supported by SDIO/IST and directed by NRI
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resolution was = 1 mm. The field of view covered by each strip was *+ 4 mm about the axis of
the pinch.,

Figure 3 shows 5 ns X-ray pinhole images of the neon-on-aluminum pinches. To the right
of the images is a trace of the time-varying voltage from a filtered X-ray diode. This
X-ray diode detects X-rays with energies > 1 keV, i.,e., it is sensitive only to the K-shell
emissions of Ne and Al. As such, this diode mcasures the hot portion of the Z-pinch. The
temporal locaticns of the twelve S5-ns frames relative to the X-ray diode trece are shown
below this trace. The pinhole images are identified by frame number as shown. It is ob-
served that the pinch grows from the cathode end and is fully developed along the 3-cm
length of the capillary in frames 5, 6, and 7, which are coincident with the peak X-ray
emission. Also shown on the X-ray diode trace are three 25-ns time-frames, labeled A, B,
and C. These are the frames which were used to capture the XUV spectra with the MCPIGS, as
described later. Note that frame A includes frames 3 through 9 of the pinhole images.
Frames B and C correspond to the post-pinch, expansion phase, during which the K-shell X-ray
emissions are observed to be greatly decreased. During frames B and C, the aluminum and
neon plasmas expand and cool, allowing the Al XII and Ne XI ions to recombine to Al XI and
Ne X. Thoe pinhole camera did not record plasma images during this recombination phase. The
homogeneity of the plasma must be measured by other means. Under the right conditions of
density and temperature in the recombining plasmas, recombination lasers are produced.

We turn now to the MCPIGS spectra. Figure 4 shows the three spectra from a 5-cm-long,
neon-on-aluminum pinch for time frames A, B, and C, as defined in Figure 3. 1In frame A very
few XUV lines appear, as the pinch is hot, most of the ions are in the K-shells of Al and
Ne, and the radiation is predominantly above 1 keV. A few Li-like Ne lines are observed,
extending to large radii (= 4 mm) from the pinch axis. 1In frame B, as the K-shell X-ray
emissions decrease rapidly (see Figure 3), the XUV emissions from the L-shells of the Al and
Ne increase dramatically. It is observed that the Ne-like emissions extend to large radii
from the pinch, while the Al lines are confined to the first millimeter or so in radius. Of
particular significance is the fact that the Al XI, 4f-3d and 4d-3p lines (at 150.6 and
154.6A) appear visibly brighter than the Al XI, 4d-2p line. This is very significant,
because the grating, detector and film response favor the 4d-2p wavelength. The anomalous
brightness of the 4-3 lines suggests a population inversion in Al XI. 1In the third frame,
C, it appears that the 4d&-2p line becomes brighter than the 4-3 lines. This is as cxpected
in a non-inverted medium, and rules out systematic effects as the cause of the strong
anomaly observed in frame B.

Digitized spectra from a 3-cm-long, Ne-on-Al Z-pinch are shown in Figure 5. These
spectra correspond to time frames A and B (as shown), with the continuum background sub-
tracted, and with the instrument dispersion as well as overall response unfolded. It is
pointed out that although they are not apparent in Figure 4, the 4-2 and 4-3 lines of Al XI
do appeac on the raw film in Frame A, and thus in Figure 5. The 4-3 lines are shown at
150.6 and 154.6A on the figure. A double arrow points to the 4d-2p line at 39.2a, It is
obvious from Figure 5 that the 4-3 lines are brighter than the 4-2 line in frame B, but much
weaker than the 4-2 line in frame A. This reversal in line intensitics strongly suggests an
n = 4-3 inversion, and possible lasing at 150.6 and 154.6A. The results shown in Figure 5
were obtained with a 3-cm-long pinch. To examine whether a longer pinch would produce more
dramatic increases in the Al XI 4-3 lines, a 5-cm-long pinch was tried.

Figure 6 shows a single time-frame (corresponding roughly to frame B of Figure 5), of the
XUV spectrum from this longer pinch. Again, the 4f-3d and 4d-3p lines are the brightest
lines in the entire spectrum. Both lines are more intense than the 4d-2p line, signif-
icantly more so than for the 3-cm-long pinch. The high intensity of the 4f-3d and 4d-3p
lines strongly suggests lasing. Figure 6 also shows evidence for possible lasing in Ne X on
the 4-3 line at 187.2A. The Ne X, 4-2, Balmer-p line is at 48.554, which is not resolved
from the Al XI, 3p-2s resonance line at 48.3A., Although it is not cbvious on the digitized
spectrum (because these spectra were averaged over radii up to 2 mm), the raw film from the
MCPIGS does resolve these lines, and the Ne X, 4-2 line is about half as bright as the
Al XI, 3p-2s line. With this estimate, the Ne X, 4-3 line on Figure 6 is then a factor of
two to three times brighter than the 4-2 line. Under non-lasing conditions, the 4-3 line
should be three times weaker than the 4-2 line. Again, this anomalous brightness of the 4-3
line is presented as evidence for lasing at 187.2A in Ne X. The presence of many Ne VIII
lines in this frame suggests that the Ne X lasing might have occurred during an early
portion of the 25-ns frame duration. Finer time-resolution might reveal more striking
evidence for lasing. In any case, the factor of nine higher intensity of the Ne X, 4-3 line
implies a laser with a gain-length product of * 3.

As a further check, a Z-pinch of pure neon was produced by imploding a ncon-on-ncon
douhle puff, with no capillary on axis. In this configuration, an annular, supcrsonic Ne
puff is imploded on to an inner coaxial Ne puff. A single 25-ns framec of the time-resolved
spectrum from this pinch is shown in Figure 7. Here it is clearly seen that the Ne X, 4-2,
Balmer-y line is brighter than the 4-3 line. This is as expeccted in a non-inverted medium
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and confirms the lasing observed in Figure 6. That is, errors in unfolding the instrument
response, etc., are not responsible for the anomalous spectra shown in Figure 6. 1In com-
paring the relative intensities of the Ne X, 4-2 and 4-3 lines, it is important to assess
the effects of optical trapping on these lines. A worst-casc estimate of the 4-2 opacity
was made by assuming that recombination fed the n = 2 level as rapidly as the n = 3 and 4
levels. This gave the n = 2 level population during the 25-ns interval. For this_ popula-
tion, the line-averaged optical depth of the 4-2 line was c¢stimated to be 0.01 cm™ *. For a
plasma length of 3 cm, this gives an opacity of 0.03, which allows the neglect of optical
trapping effects.

A crucial test of whether the Al XI and Ne X lines are indeed lasing would be to simul-
taneously measure the XUV spectra on-axis and off-axis with two MCPIG spectrographs. Thesc
measurements are planned tor the near future. Another acid test of lasing in such ASE media
is to perform a methodical length scaling. If the lasing lines exhibit exponential growth,
while non-lasing, optically thin lines show linear growth, lasing will be confirmed. For
example, the 4p-3s line of Al XI at 141.{A is one such non-lasing line. Comparison of 4d-3p
and 4f-3d lines with this line would allow confirmation of lasing. Since these lines are
separated by only a 15A wavelength interval, the de-convolution of the spectograph and
micro-channel detector response is more reliable. At this stage, we offer the spectra of
Figures 5, 6, and 7 as tentative evidence for lasing at 150.6, 154.6, and 187.3A.

Another argument for lasing at 150.6 and 154.6A in Al XI proceeds as follows: the
absolute yields on the Ne X, 2~1 and 3-1 lines (in the X-ray spectrum) were measured using
thermoluminescent detectors (TLD) and calibrated X-ray crystal spectrometers, as 2000 and
400 joules, respectively. These values are shown in Table 1., The table also shows yields
for several other lines, which are derived from thesc measured line yields. For example, by
a simple branching ratio from the 3-1 line, the Ne X, 3-2 line at 65.54 (in the XUV M(CPIGS

Table 1. Measured and estimated line yields; NeX and AIXI.

Wavelength Yield
Line {Angstroms) {Joules) Method by Which Yield was Determined
NeX,2to 1 12.13 2,000 Thermoluminescent detectors (TLDs) and crystat
spectroscopy

NeX, 3t0 1 10.24 400 X-ray crystal spectroscopy and oscillator strengths

NeX, 3102 65.5 16 Branching ratio from n = 3

AIXI - 4t to 3d 154.5 50 (into 4 & ster.) Estimated MCPIG response and intensity relative
OR to the H-like neon 3 to 2 line. (Lasing is assumed

AlXI - 4dto 3p 150.5 0.05 (lasing into 1073 ster.) into 0.001 steradian)

AIX1 - 3d to 2p 52.4 12 Intensity with

AIXI - 3pto 2s 48.3 11 respect to

AIXI - 4d to 2p 39.2 9 NeX, 3to 2 line

spectrum, Figures 5, 6, and 7) emits 16 joules. With this 65.54 line as a reference, the

Al XI lines listed in the table were all assigned estimated yields, by comparison with the
reference line in the XUV spectra. This comparison shows that the 4d-3p and 4f£-3d lines
should have emitted 50 joules into 4n steradians, to account for their relative strengths on
the film. But a non-inverted medium would allow these lines to emit no more than ~ 1 joule
each, if the 4d-2p line emits 9 joules. There is clearly an anomaly. This anomaly may be
removed if the 4-3 lines were emitted into a smaller solid angle in the direction of the
MCPIG5 spectrograph. The spatial localization of thg 4-3 lines on the film gives an est-
imate of the solid angle for axial emission of ~ 1077 steradian. With this small solid
angle, = 50 mJ of emission on the 4f~3d linc would account for the obscrved spectra. We
conclude that the anomalous brightness of the 4-3 lines in Figures 5 and 6 is consistent
with 50 mJ lasers emitting into a narrow solid angle in the direction of the axial, MCPIGS
spectograph. At a distance of 2.0 meters from the pinch (the location of the MCPIGS imaging
cross-slits), the "footprint" of these lasers is estimated to be = 7 cm in diameter. Since
the cross-slits were only 9 mm apart, alignment of the instrument with the laser beams is
clearly not a problem. Optical trapping of the 4d-2p line could also be responsible for the
anomaly described above. The effects of opacity require a detailed atomic model.
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A rough estimate of the gain in these lasers is made as follows: from a simple branching
ratio one expects the 4d-2p line to emit about three times as many photons as the 4d-3p
line. Taking into account instrument response, we record the 4d-3p linc as emitting nine
times as many photons as the 4d-2p line on axis. The 4d-3p line, therefore, is anomalously
bright by a factor of 27. A factor of 27 anomaly coriesponds to a gain-length product of
4.8. For a 3-cm-long plasma the gain is then 1.6 cm™*. It should be noted that optical
trapping of the 4d-2p line (which could be important in the Al XI plasma) would reduce this
gain. §8ch gain coefficients are consistent with recombination lasing, based on a density
of ~ 10 cm and a temperature of ~ 30 eV. To reiterate, this gain estimate has neglected
the effects of opacity on the 3d-2p line, collisional excitation of the 3d level from the 2p
level, non-uniform plasma conditions, etc. A more r=fined estimate requires detailed atomic
modeling. Such models are under development.

3. Discussion

Time-gated, XUV spectra from rapidly recombining plasmas of Al and Ne have shown that the
4£-3d and 4d-3p lines of Al XI are much brighter than the 4d-2p line. Also, the 4-3 line of
Ne X was shown to be brighter than the Ne X, 4-2 line. These anomalous line ratios, com-
bined with the spatial and temporal localization of the 4-3 lines, suggest inversion and
lasing on these lines at wavelengths of 150.6, 154.6, and 187.3A. Rough estimates of the
gain (~ 1.6 em~1l) and energy/pulse (% 60 mJ) of these lasers is consistent with a three-body
recombination pumping mechanism. Further confirmation of lasing requircs simultaneous on-
axis/off~axis measurements, which are in preparation. Length scaling is also planned. The
data presented in this paper are offered as early evidence for the first pulsed power driven
X-ray lasers. Even in their unoptimized state, these lasecrs hage already produced power
levels (~ 2 MW) comparable to those demonstrated at Livermorel’ using glass laser drivers.
The energy/pulse estimated for these lasers is a factor of 100 higher than that produced in

glass-laser driven X-ray lasers. The efficiency of this pulsed power driven approach is
higher. Saturation of these recombination lasers could produce ~ 1 J laser bursts.
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Figure 2. Schematic drawing of experimental apparatus used
to diagnose Z-pinch plasmas produced on PITHON.
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This invited paper describes recent experimental results demonstrating amplification of
spontaneous emission in the XUV spectral region. The gain medium is a rapidly expanding
recombining cylindrical plasma produced by laser irradiation of thin fibre targets.
Moderately large laser gain between 1-5 cm~! has been observed in transitions of hydrogenic
(C VI and F IX) and Li-1like (AL X1 and Cl XV) ions. This work has been carried out at the
Central Laser Facility of the Rutherford Appleton Laboratory by various groups using the
high power VULCAN laser.

Introduction

In recent years, considerable progress has been made in the field of XUV laser research.
Amplification has now clearly been demonstrated in several discrete transitions in the
VUV/XUV spectral wavelength region between 50 tc 250 A. 1In all the successful experiments,
laser produced plasmas were used as the gain media where pumping was achieved either via
collisions (Ne-like and Ni-like schemes!(2) or via recombination (H-like3:4 or Li-1ik-
systems®). This paper revievs the current status of the x-ray laser pr~-ram carried out at
the Central Laser Facility of the Rutherford Appleton Laboratecry by various university
groups and in-house RAL staff. The work concentrates on the recombination pumped scheme
and its isoelectronic scaling to shorter wavelengths. Both, hydrogenic (C VI and F IX) and
Li-like systems (Al XI and Cl XV) have been investigated in plasmas produced by laser
irradiation of thin fiber targets. The Li-like results will be discussed by P Jaegle else-
where in these proceedings. Preliminary spectrographic x-ray observations taken from
aluminium targets irradiated by a picosecond high power KrF laser pulse are described. In
addition, initial experimental results studying the hydrodynamics of ribbon targets are
given. Finally, a joint recombination-photopumping x-ray laser scheme for amplification in
the 'water window' is discussed.

Background

Highly ionized plasmas produced by optical lasers have long been identified as potential
media for laser amplification in the XUV spectral region. Population inversion can be
obtained either by collisional excitation, photo-pumping, or by recombination. In the
latter case, the inversion arises as the highly ionized plasma cools and recombines
preferentially into the upper states which cascade to the ground states. If the upper laser
level is sufficiently populated by collisional recombination and the lower laser level is
rapidly depleted by radiative decay, large gains can be developed on the 3-2, 4-3 and 5-4
transitions in H-, Li-, and Na-like ions, respectively.

Rapid cooling of the plasma is essential for the recombination scheme. This can be
achieved either by adiabatic expansion of a cylindrical plasma or by doping the plasma with
medium to high Z ions to increase the radiative losses. Adiabatic cooling has been exten-
sively investigated using the carbon fiber scheme. A thin carbon fiber 7 um in diameter
uncoated or coated with various elements is heated with a short 70 ps laser pulse. Due to
the small diameter of the fiber target, rapid expansion occurs resulting in an efficient
cooling. Secondly, the small mass reduced optical trapping of the lower laser level.
Computer simulations have well established the optimum energy content of the plasma as a
function of its mass and the duration of the heating pulseb. Two regimes exist; a thin
layer of the fiber target is ablated or the fiber is burnt completely. The first regime is
energetically advantageous. All the experimental results described in this paper were
obtained when a thin layer of the target was ablated.

The recombination scheme can easily be scaled to shorter wavelengths by moving along the
isoelectronic sequence to higher 2 ions. The wavelength X is proportional to Z~<4. The
pump energy can be estimated by comparing the collisional radiative model and the laser
ablation model, The clectron temperature scales as Te o %22 (from the CR model) and

Te o€ 22/9 14/9 (from ablation model). It follows that the required pump laser intensity
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scales as ne o z7, consequently, to produce shorter wavelength x-ray lasers the heating
laser pulse must be of shorter duration and wavelength,.

Facility and Diagnostics

The VULCAN high power Nd:glass laser is being used for XUV/x-ray laser experiments. The
laser provides 150 J in 70 ps pulses on target in six second harmonic beams. Each beam is

focused onto a cylindrical target by using a lens and off-axis mirror arrangement’/. The
line foci are 7 mm long and 25 um wide. The six laser beams are arranged as three pairs of
opposing beams. All the pairs are either superimposed or each pair can be spatially trans-

lated along the length of the target to obtain a longer line focus length. The targets are
aligned to an accuracy of a few microns in space and less than 1 mrad in direction by using
a split field imaging system.

The principle diagnostics are a pair of time resolving flat field XUV spectrographs8.
One of the instruments is aligned along the plasma axis, while the other views the full
length of the plasma at an angle of 35 degrees to the axis. The temporal and spectral
resolution of both instruments is 100 ps and 0.5 A, respectively. These instruments,
including filters, have been absolutely calibrated using synchrotron radiation?.
Additional diagnostics included x-ray pinhole cameras to measure the plasma length and
uniformity, and a plasma calorimeter array to record the laser energy absorbed in the
plasma.

Experimental Results

a) Hydrogenic Carbon (C VI)

Carbon fiber targets 7 um in diameter were irradiated with one pair of opposed laser beams
for lengths up tc 5.5 mm and with two axially aisplaced pairs for lengths between 5.5 mm
and 9.5 mm. The beams were masked to vary the irradiated target length and care was taken
to ensure that irradiation was as uniform as possible. The carbon fibers were supported at
one end only to provide unrestricted access to the XUV spectrograph viewing the system
axially. The incident laser energy was 25 J cm~) in 70 ps. With a measured absorption
fraction of about 10% of the incident laser energy, the absorbed energy was 2.6 ¥ 0.6 J cm~1,
The heated plasma lengths were varied from 1.5 to 9.5 mm. The time resolved spectrograph
was absolutely calibrated with synchrotron radiation and after allowing for the measured
contributions to the Hg and Hy lines of high-order grating reflections of resonance lines,
the absolute intensities of the Balmer lines were determined as a function of time for each
plasma length. Figure 1 shows the line intensities of Hyg and Hg versus length 975 ps after
the peak of the laser pulse. A clear exponential growth of line intensity with length is
observed on the Hg transition at 182 A. The data was fitted by the function exp(gl-1)},
resulting in a best fit of g = 4.1 £ 0.6 cm~!. This corresponds to an amplification of
about 50 in the longest plasma case. Computer modelling of the data predicts a gain
coefficient which is larger at earlier times and does not persist for as long as observed
experimentally.

b} Hydrogenic Fluorine (F IX)

The isoelectronic scaling of the hydrogenic recombination scheme to shorter wavelengths was
investigated by using fluorine as the lasant ion when carbon fibers 7 uym in diameter were
coated with 0.5 pm of LiF. All six green laser beams were superimposed to give the required
energy per unit length and irradiation uniformity. The incident laser energy was varied
over a large range from 50 to 150 J cm~1, allowing the dependence of the gain as a function
of the input laser energy to be studied. The laser pulse duration was 70 ps. Axial and
transverse spectrographs were used to time resolve the emission in the range of 40-100 A.

a comprehensive set of data was taken for targets lengths from 1 to 5.5 mm. Analysis )

of the pinhole camera brightnesses, relative intensities of H-like and He-like transitions
and laser beam energies resulted in the classification of three distinct regimes. Thcse
three groups correspond to absorbed energies of 6 * 2 J cm~1, 10 + 2 J cm-!, and 14 ¢ 2 Jcm™ 1,
Although the absorbed laser energies were not measured directly, these values were derived
from the known absorption fraction, measured in similar fiber target experiments to be 10%
of the incident laser energy. Figure 2 shows the ratio of axial to transverse Hg intensity
at as a function of target length 250 ps after the laser pulse.

As clearly can be seen in figure 2, three distinct regimes are observed. 1In the very
low E/L case no amplification is observed. In fact, the measurements can bec fitted by an
attenuation coefficient of -0.5 % 0.5 cm~1, A large gain coefficient of 5.5 £ 1 cm~1 is
observed for the medium energy range. Whereas, the gain coefficient is reduced to
3 1 cm-! for very large absorbed energies, indicating that the plasma is overheated.
These three distinct regimes are also observed when the intensities of Hg obtained from
the axial spectrograph are plotted as a function of target length. A similar behaviour of the
peak gain as a function of the coupled laser ecnergy is obscrved in simulations. A
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one-dimensional Lagrangian hydrocode is used for modelling of the experimental data. The
code also predicts the three gain regimes as observed experimentally. See figure 3. Below
an absorbed energy of 4 J cm~! no significant gain is calculated. Whereas, a gain
coefficient of about 4 «m-! is obtained for absorbed energies from 10-15 J cm~!. The

gain begins to fall off for energies larger than 15 J cm~ 1.
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The measured peak gain as a function of time was also compared with the simulations for an
absorbed energy of 10 J cm~1. See figure 4. The code predicts a similar peak gain and is
in much better agreement with the experiment than in the previous carbon work. This is due
to the inclusion of Stark broadening and p-level splitting in the code. The measured peak
gain occurs, however, slightly later in time and has a broader temporal profile than the
code results. It is unclear whether the disagreement on the time behaviour is due to
incomplete modelling of the expansion, or to small scale laser plasma instabilities
affecting the uniformity of expansion at early times.
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c) Hyrdrogenic Aluminium (Al XIII)

Initial experiments have been carried out to study the ionization balance of an aluminium
plasma produced with a picosecond high power KrF laser. The use of picosecond short
wavelength laser pulses is essential for recombination pumped aluminium x-ray lasers with
the lasing transition in the water window. This is due to the strong scaling of the initial
electron density with atomic number (ne X z7).
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Aluminium targets have been irradiated with 3 ps, = 1 J KrF laser pulses. The laser beam
was focused onto the target with an f/2.5 aspheric lens. Irradiances of up to 1017 W cm—2
were achieved on the target surface. The primary diaynostics were time integrating and
time resolving x-ray spectrographs. These instruments allowed the electron temperature
and density to be determined via line ratios and Stark broadening measurements. The
diameter of the focal spot was measured with an x-ray pinhole camera. Figure 5 shows a
streak record taken of an aluminium plasma produced with an irradiance of 3 x 1016 W cm-2
on the solid target. H-like and He-like transitions are clearly observed. Preliminary
analysis of the x-ray spectrum with RATION indicates a density of about 2 x 1022 cm~3 with
a temperature of about 400 eV. The short picosecond pulse was, however, preceded by a
relatively large prepulse 10 ns in duration. Consequently, a large plasma corona was
produced before the main short pulse interacted with the target. The x-ray emission then
primarily occurs from densities near the critical density. When the prepulse was kept
small the x-ray spectrum was distinctly different. The Al Heg transition is now very broad
and intense, while the Al Hey and Lyg lines are almost nonexistent. This spectral behaviour
is consistent with x-ray emission from very dense plasmas. These x-ray spectra are the
first single shot x-ray measurements taken on targets which were irradiated with picosecond
‘aser pulses.

Hydrodynamics of Stripe and Ribbon Targets

Amplification with moderate gain has clearly been demonstrated on various discrete
transitions in the XUV spectral wavelength region between 81 A and 182 A. Population
inversion by recombination was obtained by rapidly cooling a cylindrical plasma produced

by laser irradiation of small mass thin fiber targets. This approach has, however, several
shortcomings. Not only are fiber targets difficult to handle, but also the coupling of the
incident laser energy is inefficient. Further, fiber targets are not very well suited for
multipass cavity operation. Consequently, initial experiments have been carried out to
investigate stripe and ribbon targets for recombination pumped x-ray lasers. In particular,
the hydrodynamic behaviour of thin foil formvar targets overcoatced with a narrow stripe of
aluminium (50 um wide and 300 um in thickness) and free standing Al ribbon targets

(350 um in thickness) was examined. Preliminary results show that the formvar targets did
not behave as expected. Laser energy spilling and lateral energy transport over onto the
plastic substrate seem to create two large regions of cold overdense plasma on either side
of the expanding stripe. This restricts the cylindrical flow causing a slower ratec of
expansion and cooling than predicted by modelling. In addition to this, fluid instabilities
have been observed at the hot aluminium-cold plast. plasma interface. On the other hand,
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Figure 6. Schlieren
images of free standing
aluminium stripe targets.

TIME = 1-59ns

the expansion of the ribbon targets followed theoretical predictions more closely. Figurc 6
shows two optical Schlieren imagecs of a laser irradiated aluminium ribbon target.

Joint Recombination-Photopumping Scheme

A novel x-ray laser scheme is proposed which is based on the adiabatically cooled
recombination laser, but augmented with a linz coincidence photopump. The photopumping
relies on the accidental coincidence between a transition in Be-like Mn which acts as the
pump, and either a hydrogenic fluorine or a Li-like calcium transition to obtain gain at
81 A or 39 A, respectively. In the first case Mn 152252p3P2 - 152253d3D3 pumps the

F IX Is - 3p transition, whereas in the latter case the Mn line is used to pump the

Ca 15225287/ ,3/2 - 1s25p2P /) transition.

The experimental arrangement (o the Li-like Ca laser is shown in figure 7. Three laser
beams delivering about 75 J in 70 s are focused on a CaF) coated carbon fiber. The
photonumping flashlamp separated trom the fiboer target by about 50 um consists of a 1 um
thick plastic foil supporting a thin layer of Mn. Threce laser beams are tocused onto the
Mn target and are delayed 100-200 ps in time relative to the bemas which heat the fiber
target. Numerical simulations show a gain of about 2 cm™! is obtained when a photopump
of modal photon density of 0.01 is present. No gain is seen in the simulations if the
photopump 1s turned off.
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Concl isions

Recombination pumping in the XUV spectral wavelength region has been demonstrated in

H-1like and Li-like ions using low mass thin fiber targets. Isoclectronic scaling towards
shorter wavelengths has been carried out for both tons. By changing tne incident laser
encrgy the gain of hydroyge. ic fliaorine has been optimized. Theoretical modelling of
hydrogenic € VI gives higher galns than mecasured earlv in the expansion and lower gains in
the later stages.  Better agreement 1+ obtained for H-like fluorine. The hydrodynamic
expansion of ribbon targets has beon studied, indicating great promise as potenticl targets
for future x-ray 'aser schemes. A joint photopump/recombination scheme is proposed which
may result in amplitfication in the water window.
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PHOTOPUMPED SHORT WAVELENGTH LASERS [N XENON AND KRYPTON
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Abstract

We report studies of short wavelength lasers in Xe Il at 108.9 nm and in Kr 1Il at 90.7 nm. The
inversion mechanism in these systems is inner shell photoionization followed by selective Auger
decay. Data presented include the demonstration of gain and the measurement of the upper and lower
level natural lifetimes of the laser transitions. Computer models used to simulate the output of
the gain demonstration experiments are discussed. These simple models can explain the observed
output, without need to consider any effects other than amplified spontaneous emission on the
dynamics of the system.

The first demonstration of a short wavelength laser pumped by Auger decay following photoionization was
recently reported by the authors.! In this experiment, soft x-rays emitted from a laser produced plasma ionize
inner-shell 4d electrons in neutral xenon gas. The resulting highly excited Xe* atoms rapidly undergo Auger
decay to various excited states of Xe**. The relative Auqer decay rates and leve! degencracies are such that a
population inversion is created between the Xe** 5s95p® 1s, and 5s'Sp> 'P, states. and laser gain is observed at
the transition wavelength of 108.9 nm. The analogous transition in krypton, Kr** 4s04pb 'S, to 4s'4ps 'p,, is
similarly inverted at a wavelength of 90.7 nm.?

The experimental apparatus used to demonstrate gain is shown in Fig.1.' A Nd-doped glass laser pulse (40-
70 J, 0.1-1 nsec) is rocused onto a tantalum target to form a thin, 9 cm long ptasma soft x-ray source.
Radiation from the plasma ionizes xenon or krypton gas in a 3mmx3mmx9cm channel opposite the plasma and
1-2 cm away from it. The channel is covered with a 150 nm thick parylene filter which confines the active
region since it is transparent to the pump soft x-rays but opaque to the short wavelength laser radiation. The
excited length of the gain region is varied by shadowing portions of the channel from the pumping radiation;
emission from gas in the channel 1s expected to increase non-linearly with pumped length if there is laser gain.
The photodetector is a specially designed soft x-ray streak camera using a microchannel plate photocathode.” The
camera views the gas in the channel through a vacuum spectrometer. The system has a spectral resolution of
1.5 nm, a time resoclution of 200 psec, and is sensitive to single photons. The spectrometer is scparatcd (rom
the target chamber by a LiF window in the case of Xenon, and by a capillary array window and differential
pumping arrangement in the case of Krypton.

Gain 1s observed at both the Xe**' 108.9 nm transition, as seen in Fig.2, and at the Kr** 90.7 nm transition,
as seen in Fig. 3.2 The data were fitted using a spectrally integrated brightness function,' which yields the
line center gain coefficient. The xenon data were taken using 55 J of laser pump energy In a 1 nsec pulse, with
a target-channel distance of 2 cm. The curve yields a gain coefficient of 0.8 cm~'. 80% enriched '%¢ Xe was
used for these measurements to limit the effects of hyperfine splitting on the gain of the transition. For
Krypton, no separated isotope was used, the pump pulse width was narrowed to 0.5 nsec, and the target-channel
distance was narrowed to 1 cm. The indicated curve (a) is a fit to data taken with SO J of pump energy,
yielding a gain coefficient of 0.5 cm~' and (b) is a fit to data taken with 38 J of pump energy. yielding a gain
coefticient of 0.7cm”’,

In the case of the xenon, ihe output puise width is generally about 600 psec, narrc ing to 450 psec at the
highest intensities, and widening to somewhat over 1 nsec at the lowest intensities. A double pulse structure (s
often observed at intermediate intensities, for which our best explanation is superfluorescent ringing. In the
case of Krypton, the pulse width is always less than 300 psec, near the resolution limit of our detector.

Measurements were made using 3 single end mirror with the xenon laser to enhance output i1n a double pass
geometry. The reflector used was a lithium fluoride window, which has a calculated surface reflectivity of
about 10% at 108.9 nm.* In this experiment, the pump taser is focused to a itne 9 cm long inside a 1 cm deep
by 3 mm wide slot. Emission (s observed from a region close to the plasma target. About 4 J of laser energy
is necessary to show substantial gain on the 108.9 nm transition in this geometry. Gain 1s measured by
alternately blocking and unblocking the mirror and varying the pumped length. As shown in Fig. 4, the mirror
enhances the output. Curve {a) 1s a fit to data with the reflector and curve (b) fits data without the reflector.
The retatively small enhancement of output intensity 1n the multipass geometry, relative to the measured gain
along the channel, may be explatned by output saturation and the fact that gain is present in the system for a
time comparable to or shorter *than the optical round trip time in the channel.

In additicn to studying these xenon and krypton trarsiticns, we searched for other lines in the wavelength

range of 50 tc 100 nm in xenon, krypton, and argon. No stner lasing transitions were found in either the channel
configuration or 1n the s:ct configuraticr using a 304, 100 psec pump putse.

66




The hfetimes of the upper and lower laser levels in xenon and krypton were measured using the technique of
time correlated photon countmg5 (TCPC) 1n conjunction with a high repetition rate laser produced plasma x-ray
source.2' [n TCPC, single photons are detected from the excited gas following repetitive impulsive excitation,
The time interval between the excitation pulse and detection of a fluorescence photon i1s measured and after
many detected photons, a histogram of photon arrival times s constructed showing decay of the excited state.
The apparatus is shown in Fig. S. A g-switched, mode-locked Nd:YAG laser is focused ¢.to a rotating metfal
target rod. The output of the laser consists of bursts of about 20 pulses at a8 10 nsec interpulse interval, with
each pulse 100 psec iong. The burst repetition rate 1s up to 500 Hz. Each pulse has an energy of up to 70u4J and
is focused by a 10 cm lens to a power density of about 10'' W/cm? on the target. Soft x-rays from the
resulting plasma excite gas surrounding the target, and fluorescence is detected by a microchannel piate
photodetector at the exit slit of a vacuum monochromator. The target cell is separated from the spectrometer
by a differential pumping system. Since some of the fluorescence lines have energies above the neutral gas
ionization threshold, the capillary array window is placed within 1 cm of the excited gas region to minimize
absorption. Care was taken to direct gas flow through the target chamber in such a way that debris from the
plasma does not clog the capillary window. The detection electronics consists of two constant fraction
discriminators, one triggered by a photodiode looking at the iaser output, and the other triggered by the
photodetector after amplification. Discriminator outputs are connected to the start and stop inputs of a time-
to-amplitude converter, whose output is fed to a computer. The data is then displayed and fit to an exponential
decay function.

The time resolution of the system was estimated by observing the emisston of a short-lived transition in
Kr** at 55 nm. Figure 6(a) shows this measurement. The resulting pulse has a FWHM of <300 psec and a
risetime of 125 psec. Figure 6(b) shows a measurement of the K~** 90.7 nm laser transition at 1 torr
pressure, along with the resulting fit to the lifetime. The observed lifetimes of the states vary with pressure
due to neutral gas collisional quenching; data is thus taken at several pressures and extrapolated to zero
pressure to get the natural lifetime. The upper state lifetimes in both xenon and krypton, and the lower state
lifetime of krypton, were determined in this manner. In the case of the xenon lower level, the system was
modified by the insertion of an electro-optic pulse selector, so that only one pulse in each burst is passed. This
was done since the upper level lifetime feeds into the lower level on a time scale similar to the 10 nsec pulse
separation, which would have made measurement of the lower level lifetime difficult to fit to using the
original setup. For both lower levels, the lifetime was fit to data at times after the upper level had
substantially decayed. The measured data including the lifetimes and the quenching coefficients 1s shown in
Table 1.

Computer simuiations were developed to model the laser systems. These simulations involve two types of
calculations. The first 1s a simpie, time independent calculation assuming instantaneous pumping of the xenon
gas by the plasma x-raus. This ytelds cumulative electron and 1on densities, as well as the net gain coefficient,
The second simulation 1s time dependent and takes into account amplified spontaneous emission. This is done to
predict the temporal behavior of the output and to relate predicted local gain coefficients to the experimentally
measured gain of the system as determined by the gain curve fit.

In these simulations, we assume that the plasma spectrum resembles a blackbody emitter with a 30 eV
temperature and that the conversion efficiency of input laser energy to soft x-ray emission is 7%.7 By
calculating absorption of this radiation in the parylene filter® and in the gas (using cross sections® for the 4d,
Ss and Sp electrons), the densitlies of inner-shell and outer-shell ionized atoms and the total electron density
can be determined. Secondary electron production due to electren avalanche ionization is also taken into
account. Excitation densities include integration over the line focus geometry of the system, assuming the
plasma radiates uniformly 1n all directions. The population Inversion density is calculated using relative Auger
decay fractions?''? of 0.C44 and 0.0S1 for decay of the 4d hole state into the upper and lower laser levels, and
the gawn cross section is calculated using standard formulas assuming Doppler broadening. Calculations for the
xenon gailn experiment using this time independent model predict an exponential gain coefficient of 1.5 cm-’
along the 8 cm channel. The excited state density along the slot 1s calculated to be constant to within 20% of
the av%rage ;/alue over 80% of the slot length, and the maximum electron density is predicted to be
1x10'>cm~9,

Since the observed output pulse from the xenon is shorter than the pump pulse, the gain computed above is
expected to be only a rough estimate of the actual measured gain. Thus we developed the time dependent model
to more accurately predict the gain observed, and also to enable us to understand the pulse width behavior of the
system under varying conditions. In this model, three major approximations are made to simplify the
tmplementation. First, the excited state density of the system is assumed to be uniform over the entire slot.
Second, the photon transit time through the slot is assumed to be small compared to the characteristic time of
both the pump pulse and the output pulse. And third, superfiuorescence effects’! are ignored and the output is
assumed to be determined solely by amplified spontanecus emission.

The time depcndent model approximates the effects of amplified spontaneous emission on the dynamics of the
system by generating a function which, as a function of gain of the channel, approximates the number of photons
exiting the excited region for each spontaneous emission photon emitted 1n the region. This function s generated
I iwo steps. The first step 1s to do a Monte Carlo simulation to generate a distribution function of how far a
photen emitted 1n a rardor direction from a randem place tn the channel will travel nefore exiting the region.
Then, fcr any given ga:~ in the channei, this distrisution function is integrated to determine the average numhor
of photers exiting the excited region. Also gereraled 1n this process 1s a functien which indics’es how many of
these photons will exit iroan 130 cane alorg the axis. anpraxerating the odtput beam obseryod v the exper mant,
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This spontaneous emission enhancement function can then be used in a simple rate equation model determining
the dynamics of the system and the intensity of the output beam. In the simulation the upper and lower levels
are filled by Auger decay, and the upper level decays to the lower level through amplified spontaneous emission.
The Monte Carlo and rate equation codes can then be run for several different excited lengths, and the simulation
data fit to the same function the experimental data is fit to. Given a pump pulse length of 1 nsec and a total
pump flux identical to that determined in the time independent model, the time dependent model predicts a
fitted gain parameter of 0.95 cm~'. This is in reasonable agreement with the measured 0.8 cm-' gain. The
model predicts also that this measured gain is close to saturation in the system.

According to the results of the simulation, the output pulse length should shorten with increasing output
intensity until saturation, when the output pulse has a width of 430 psec. At higher output intensities the
pulse width again increases. Figure 7 shows the experimental pulse width data as a function of intensity; fits
to the time dependent model data are shown as solid lines. Curve (a) is the model result assuming the
predicted pump flux which, as discussed above, yields a reasonable fit to the intensity versus length data.
However, the pulse length in this simulation is longer and increases more rapidly with decreasing length than
the experimental data. By assuming only a 30% higher pump flux and thus higher gain, we obtain better
agreement with the data as shown by curve (b). Thus the behavior of the amplitude and pulse length of the
output can be reasonably accurately simulated using this model with only one empirical parameter. Although the
model involves many simplifying assumptions (for example, it ignores possible electron quenching of the laser
level) we conclude that amplified spontaneous emission is the dominant process determining the behavior of the
xenon laser system.

The model does not, however, predict the observed double pulse output. Possible explanations include non-
uniformities in the pumped gain region such as spatially dependent depletion rates, transit time effects,
electron quenching of the lower level or coherent effects. Superfluorescent behavior might be expected in our
high gain, narrow linewidth gain medium since the coherence time (which is on order of the upper state
lifetime) is longer than the optical transit time through the gain region. Double output pulses have been
predicted and observed in superfluorescent systems.'?

Efficient extraction of energy from these laser systems is of interest not only in developing practicat
applications, but also as a prototype for other photopumped short wavelength lasers. Sher, Macklin, Young, and
Harris'2 nave demonstrated saturation and extraction of 20 pJ of energy from a travelling wave amplifier using
the Xe Il 108.9 nm transition. Resonators are another possibility for extracting a ccherent beam. Since the
transition is short lived and self terminating, any resonator would have to be either very short, or
synchronously pumped. In the case of short resonators, computer simulations may be heipful to determine the
tradeoff between high single pass gain and the reduced number of passes resulting from an amplified spontaneous
emission reduced gain lifetime. In the case of a synchronously pumped resonator, the resonator transit time
could be made longer than the lower level decay lifetime, and repetitive excitation pulses could produce gain
synchronously with a propagating pulse. This concept may be more practical with the krypton than with the
xenon transition, since it has a shorter lower level lifetime.

In conclusion, we demonstrated gain in two new short wavelength laser systems pumped by inner-shell
photoionization and Auger decay. We measured lifetimes and quenching of the important states, and
demonstrated the use of a reflector for multipass amplification. Time dependent simulations were used to
model the temporal behavior of these systems and to demonstrate that the primary effect determining the
output pulse length of the laser under our pumping conditions is amplified emission. Further studies could
include development of short cavity length or synchronously pumped resonators for these lasers, and the
extension of the Auger pumping scheme to shorter wavelengths.
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Tables
Transition Wavelength Lifetime Quenching Coef.
{nm) {nsec) (torr-sec)”!
Xe Upper 5s'5pd 'P, - 5s05p8 TS, 108.9 4.75 + 0.15 2.8+0.2x 107
Xe Lower S5s25p* 3P, - 5s15p5 P, 90.2 20.5 + 2.0 2.3+0.5x 107
Kr Upper 4s'4p5'p, - 4s04p8 15, 90.7 2.0+ 0.1 3.4:06x 10’
Kr Lower 4s24p* D, - 4s'4ps P, 78.6 45+0.3 1.8+ 1.1 x107

Table 1: Lifetime data for the xenon and krypton upper and lower laser levels. The wavelength, decay time and
collisional quenching coefficient are indicated.

Figures

To detector

Target rod

3 x 3 x 90 mrm channel

Figure 1 Gain measurement apparatus showing the pump laser focused to a !ine on the target rod and the
emission of soft x-rays from the resulting plasma. The channel confines the observed region of the
photolonized gas.
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Figure 2 Intensity as a function of pumped length for xenon emission at 108.9 nm. The solid line indicates
the fit to the data for a gain coefficient of 0.8 cm-!
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Figure 3 Intensity as a function of length for krypton emission at 80.7 nm. Curve (a) indicates a fit to data

taken with a pump energy of 50 J yielding a gain coefficient of Q. b cm- Curve (b) indicates a fit
to data taken at a pump energy of 38 J ylelding a gawn of 0.7 cm~
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Figure 4 Intensity as a function of length for xenon 108.9 nm emission.
taken with a lithtum fluoride reflector yielding a gain coefficient of 1.12 cm™'.
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Curve (a) indicates a fit to data

Curve (b) indicates

a fit to data taken without the reflector and yields a gain of 1.09 cm™!.
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Figure S Time correlated photon counting apparatus.
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Figure 6 Time correlated photon counting data. (a) shows the time response of the system and (b) shows the
decay of the krypton 90.7 nm transition at 1 torr pressure, with a fitted decay time of 1.84 nsec.
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Figure 7 Pulse length as a function of output tntensity for the xenon transition at 108.9 nm. The solid lines
are the mcdel predictions. Curve (b) assumes a 30% higher gain than curve(a).
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AbosLRACT

In the EUREKA EUROLASER Proiject it was required the studv of excimer laser sources
with a final power up to 10 kw. At the same time the possibility of developing syvstems
with final power 1iIn a lower range has been investigated by some countries. The Italian
group has studied the general characteristics of a svstem delivering a beam with 3 kW
power.

The main features of the system will be: operation with a self -sustained discharge
pumpimg system after x-ray preionization, and optimazation for XeCl, but with the possi-
bility of operation also with F compounds.

During the development of the project, special attention will be dedicated to cavity
studies for the control of the beam qualitv, to kinetic codes for the control of the di-
scharge phenomena, and to specific studies for the control of pulse duration, both for
short and long pulses. Exploratory work on application studies is also foreseen all along
the development phase of the proiect.

Some information on distribution of the work. time schedule, costs and international
cooperations will be finally illustrated.

INTRODUCTION

With the declaration of Hannover signed on November the 6th 1985, eighteen European
countries agreed to start a scientific and technological cooperation which goes under the
name of EUREKA.

Subsequently, following the conferences held in London in June the 30th and September
leth 1986 the Eureka project was given a framework within which procedures for prepara-
tion, evaluation, financing and management have been set.

The countries which joined the Eureka proagram are listed in Table 1. The main obijecti-
ves set up bv the Eureka program are:

1) Increase the productivity and the competitivity of industries and national economies
on international market.

2) Increase welfare and occupation.

3) Control and exploration of vital technologies for European future development.

The organization structure is the following:

- a committee formed by the ministers of scientific research and technology in charge of
approving the presented projects;

- a committee of government’'s high rapresentative formed by people of outstanding poli-
tical and scientific weight capable of steering each national activity;

- a committee of government delegates in charge of =ach project capable to drag and enu-
cleate the interests of scientific community and companies toward an industrial compe-
titive project.

The main conditions set up for approval are the followinags:
belong to one of the Eureka specified areas of interest.
Cooperation among some of the Eureka participating nations.
OQutstanding benefits of the cooperation.

Development and exploration of new technologies.

Assurance of a technological progress.

Qualification of participants.

Fair autofinancing of participants.

Civil objectives only.

b 2B 2 I 2B 2 2 4
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EURCLASER (EU6)
OBJECTIVES AND ACHIEVEMENTS

At the date of september 15th 1987 the Italian partecipation to the Eureka approved
projects is related to an overall number of 47 projects. The laser field is covered by six
projects three of which have been a natural spin off of the Eurolaser (EU6) project.

The EU6 project was approved and took into consideration the definition phase for:

A) Present interests: Carbon dioxide laser; Solid state laser; Excimer laser.
B) Future interest: Carbon monoxide laser; Free electron laser.
C) Other lasers for industry

The originating partners for the Eurolaser (EU6) program were originally:
Federal Republic of Germany, France, Italy, United Kingdom

To this original set of countries other countries added later on to the definition
phase. They are: Austria, Belgium, Denmark, France, F.R.G., Greece, Italy, Netherland.
U.K., Spain.

The Eurolaser program has so far generated five indipendent laser programs as a natu-
ral spin off. Two CO02 laser projects; two excimer projects and one solid state project.
(see Table 2 for general informations).

EUROLASER: EUROPEAN EXCIMER GROUP ORGANIZATION

An overall number of about 80 companies and scientific organizations have participated
to the Eurolaser excimer definition phase. The project was subdivided in work packages and
these workpackages grouped in five main areas. Each area was coordinated by one of the na-
tional coordinators as follows:

1) application and market analysis. (U. Schmidt - KWU - F.R.G.)

2) Excimer laser concept and system aspects. (E.J. Spalding - UKAEA - UK)

3) Excimer laser components. (T. Letardi - ENEA - Italy)

4) Excimer laser discharge (M. Gaillard - Laboratoires de Marcoussis - France)
5) Excimer laser optics (U. Brinkmann - Lambda Physik - F.R.G.)

The outcome of this work will not be described here. We will limit ourselves in this
article to describe the italian contribution to the definition phase of the Eurolaser
(EU6) excimer group which constituted the basis for the spin off of the EU213 Excimer la-
ser project (Hipulse) indicated in Table 2.

EUROLASER: ITALIAN EXCIMER GROUP ORGANIZATION

The participation of the Italian Excimer group to the Eurolaser excimer definition
phase brought up a proposal for a lower power excimer laser (3 kW) than originally propo-
sed by the enternational Eurolaser excimer group (10 kW).

The italian working group was organized in a way similar to the international working
group (Table 3) and each group of workpackages was headed by a coordinator. The coordina-
tors were in charge of coordinating the work performed by each company and scientific in-
stitution involved in the respective workpackages of interest. In the reference list are
indicated the contribution which made possible the completion of the italian definition
phase and which are the basis of this communication [l through 201].

THE ITALIAN 3 KW PROPOSAL

1. General features
The cooperation among the italian participants brought up the proposal of a rare gas
halide (RGH) laser system which might deliver a laser radiation with a power of 3 ki.
This kind of high power UV laser output system could be very useful for industrial ap-
plication. In particular, if the system is combined with other laser technologies, the
high power laser beam can have different characteristics, such as:
1. the low far-field divergence (up to diffraction limit);
2. the wavelength tuning or wavelength shift;
3. the controlled laser output pulse duration (up to picosecond):
4. the spatially uniform intensity output.
A laser beam with }hese features is very attractive for material processing, photoche-
mistry and so on. 5,12
The mean power of a pulsed laser source can be increased varying the repetition rate,
which in turn effects the gas flow speed in the discharge region, or varying the ener-
gy £°r pulse.
In order to increase the energy per pulse the active volume must be increased, because
it has been experimentally verified that the efficiency decreases as the energy densi-
ty in the active voiume increases, so that the energy per pulse must be increased with
the discharge volume at constant energy density. Currently, few J/1 can be extracted
from an efficiently operated RGH source.
The maximum length of the active volume is limited by absorption processes and by con-
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siderations about the problems concerning the amplification of spontaneous emission,
to about 1 m. A further increase in the active volume can be done only increasing the
cross section of the laser beam.

Discharge_reqion features

Usually the discharge transverse dimensions (H, W) cannot be too much different, so

that we can realistically assume H ~ H.

However, there are several factors which limit the discharge dimensions. We can summa-

rize them as follows.

1. Rise time of the discharge current in the laser cell. Indeed the discharge circuit
inductance, which the rise time of the discharge current is proportional to, is
increased with the discharge cross section. On the other hand, the useful pumping
time, for present systems, is always lower than about 1 psec, which imposes a li-
mitation on the inductance.

2. Skin depth effects, which limit the maximum height of the discharge to the pene-
tration of the current in the active volume. If we take the discharge conductivity
of 0.02/ L]l + cm for the usual XeCl discharge, a simple estimation shows that the
skin depth is .\ 20 cm.

It 1is well known that discharge in Fa mixtures are less stable than in HCl mixtures,
and these limits, therefore, are mcre and more severe with increasing the active volu-
me. So, the active volume may be different for Fa mixture or HCl mixture. In conclu-
sion, 1in order to reach the final goal of a 3 kiW laser system, we took into conside
ration two kinds of technologies, first: the hiagh repetition rate laser, and second
the high energy per-pulse laser.

Tipically they might be (see Table 5)
no. I system:

1 J/pulse; reptition rate 3 kHz; active volume 1 Liter:
no.II:
10 J/pulse; repetion rate 300 Hz; active colume 10 Liter.

Optical cavity features

Usual configurations of optical cavities, such as stable configurations or plano-plano
mirrors, easily achieve divergence of the laser beam in the region of few millira-
dians, which means more than an order of magnitude higher than the diffraction limit.
However, the possibility of decreasing the divergnce is very attractive because in
this way the power density can be increased, with higher accuracy of material machi-
ning. Recently many schemes of unstable cavities have been used with excimer lasers,
both 1in the positive branch and in the negative branch configuration. It is now clear
that 1low divergence diffraction limited beams can ideally be obtained without serious
reduction of estraction efficiency. However, further studies still need to be done.
For some schemes there are problems of stability and criticiness (especially in the
positive branch), in other cases (negative branch, SFUR) there are problems of limited
volume of the mode. So, for large aperture systems further investigations should be
done in order to choose the best optical configuration.

Power supply features

Operation of the laser requires the utilization of an adequate power supply-system. It
consists of a Main Power Supply section (MPS), a Prepulse Power Supply (PPS), and a
X-Preionization Power Supply section (XPS).

MPS typical specifications might be the following: average power of 50 kW, voltage le-
vel on the storage line from 30 to 60 kV with a risetime of ¢ 10 us. To fulfill these
requirements a resonant transformer command charging system will be employed, with the
benefit of a low voltage power section, solid state (thyristor) command charge switch,
with relatively high energy transfer efficiency.

The PPS section provides a voltage level ranging from 80 to 100 kV with an average po-
wer of 5 kiW to the prepulse storage capacitor. Switching-mode systems could be emplo-
yed for optimum control and stabilization. Similary this solution will be chosen for
the XP? section, providing voltage levels between 150 and 200 kV and average power of
10 kW.

Switch features

One of the most important technological issues in high power pulsed gas lasers is the
problem of switching energy in a very short time from the source to the load. In this
respect excimer lasers requirements to the excitation process are extremely severe in
terms of peak current and voltage risetime. Usual high power switches employed so far
during the development of this class of lasers have been quite often at the limits of
the operative parameter ranges. In the last few years the general trend has been a wi-
de 1investigation on the potential advantages offered by magnetic materials (MM) in
comparison with traditional components such as Spark-gaps (single arc or in a rail
Jgeometry) or Thyratrons. Indeed in suitable geometries a fast flux saturation produces
a sudden reduction of the imaginary part of the impedance opposed otherwise to the
current flow, with good risetimes and reasonable losses. Several companies have deve-
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loped MM for 1low losses high frequency operation. These materials can be divided in
two main classes: ferrites and steel alloys, allowing different choices in terms of
various parameters, such as saturation flux, unsaturated permeability, losses, design
geometries, hysteresis, loop shapes or others.

For all these types of different switching requirements MM will be employed both as
switches (MDS) or magnetic compressors (PDS, XGS) besides high power ceramic thyra-
trons. During the preliminary device development various MM will be tested to evaluate
their effectiveness in terms of switching time, losses and component lifetime.

On the other hand preliminary evaluations on the cost incidence of magnetic compres-
sors 1indicate the necessity to develop studies on the use of different pumping sche-
mes.

Energy Storage Systems Features
If we fix the efficiency of the laser system to a level of 2%, the storage capacitors
must:

1) Store an energy from S50 J to 500 J:

2) Transfer a power of 150 kW.
Solid state (mylar) or water capacitors may be used: stored 2=nergy density in mvlar
can be a 1little higher than 1in water, but the water capacitors are essentially
self-repairing in case of internal discharge, and can easily dissipate the heat. On
the other hand, water capacitors, for the reason of the limited insulating properties.
can be charged only for times not longer than few microsecond. So, the two system are
both attractive for an industrial syvstem, and the final decision must be taken after
the collection of further elements. Any way, a suitable development must be undertaken
for solid state system in order to reduce the losses which limit the power handling
capabilities of most commercial capacitors, when used in fast discharge circuits.

Preionization System Features

0f the different preionization system, U.V., corona, e-beam, X-ray, only the X-ray
seems to be suitable for the preionization of large active volumes, especially, for
large volume or high pressure discharge systems.

Theoretical studies set a lower limit of = 10% e/cm for the preionization density
to obtain uniform discharges and experimentally, it has been verified that, at least
for XeCl, 104 e/cm 1is a sufficient preionization density for this purpose.

From the experience gained up to now in X-ray preionized discuarges, the voltage of
the X-ray tube must be in the region of 100 kV. Usually a stored energy of 10 J for
X-ray diode is sufficient for a uniform discharge in a 10-1 volume. 4

If we keep in mind that the discharge energy safely desposited in such active volume
can be of the order of 1 kJ, one sees that the power in the preionization system can
be of the order of percent of the power of the main discharge.

For efficient preionization, cathodes that can deliver current peak-pulses of = 1 KA,
for 100 nsec, are necessary. Even if such cathodes are toaday existing (plasma catho-
des, cold emission cathodes, etc.) their ability to work in the kHz range for more
than 10 pulses must still be proved.

Automation of control features

GCas Mixture Processing

The laser will operate with several mixtures, depending on the required wavelength of
the output radiation. The conventional approach up to the present time is to create a
static fill of the appropriate gas composition and partial pressures and then recir-
culate the gas trough the electrodes by means of a fan and eventually a wind tunnel.
The following sequence of operations will be required: a) Evacuation of the laser
head; b) Fill up with the appropriate gases with controlled pressures; c) Recircula-
tion of the gas mixture in an appropriate gas purifier.

Starting program
After the gas fill is performed an automatic warm up of all the components will start.

The high voltage power supplies are set in a stand-by position until the gas flow sy-
stem and all the cooling systems are in operation.

Beam Characteristics

The output beam can be controlled for different possible applications.

The wavelength can be selected by a tuning system consisting in a selective cavity or
by changing the gas mixture. As the mirror reflectivities and spectral response are
different in the various cases an automatic switch is required. More complicated
automations can be optional if “he optical cavity geometry has to be varied (stable
versus unstable resonators and so on). The optimization for different gas compositions
or different output characteristics may require the substitution of the electrodes.

Power Delivering Control
The laser output which reaches the working station must be controlled in several ways.
a) Energy per pulse, for the appropriate dose at each pulse, b) Average power, c)
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repetition rate, d) Sequences of pulses. This control will be determined bv an ap-
propriate program, depending on the particular application which have to be performed
at the working station.

System Master Control

Automatic check of the following parameters at various points in the system will have
to be performed:

a) temperature, b) pressure, c¢) gas flow, d) cooling liquids flow, e) electrical
parameters.

Each check point must be indicated by appropriate displays with indication of failure.
An intelligent decision has to be taken in case of failure to predict the kind of "in-
tervention" (complete switch off of the system, stand by, alarm and so on).

Recirculation features

The evaluations have been essentialy carried out by SNIA BP
some results.

The recircultion system of the EUREKA 3 kW excimer laser differs from those of pre-
vious, lower-power lasers mainly because the high gas velocity required in the di-
scharge region makes the power absorbed by the recirculation fan comparable to or
greater than the power absorbed by other subsystems of the laser. Therefore it becomes
necessary to adopt aerodyvnamical optimization techniques which were unnecessary in the
past.

Another consequence of the high gas velocity is that compressibility effects become
significant, and may lead to noticeable changes in temperature and pressure of the gas
through the system.

One problem that may arise because of the high power of the recirculation system is
vibration. Vibrations in a closed-loop recirculation system are caused both by the ro-
tating mass of the fan and by whistling in the ducts, and in a system of the size con-
sidered here are such that they must be explicitly taken into account in the mechani-
cal design of the wall ducts.

The evaluation of the possible laser parameters involved in the recirculation system
to tryv to assess general performance criteria and make some trade off, starts from a
well known relation.

D 2% and we report here

T
P(L)Y ————=-— 1, WHA| (1)
G /R
where:
Igs = /20 Cf. = saturation energy
do = O-(Ny-Nj), = small signal gain
T = i-R = mirror transmittivity

A simple manipulation of (1) shows that:

P(L) ~ REJWA = laser power output where: (2)
= L. = gas flow cross section

gas flow velocity

!i>

L = active volume length

H = active volume height

W = active volume depth

Ed' = stored energy per pulse

Re = proportionality constant (function of resonant cavity characteristics)

In case of high frequency operation equation (1) is modified as fol-
lows:

P"M (L) = RcEd'VA/K(EPunP) - Rc Eol V/K(EPVHP) (3

where:

K(Epypp) (1/f)/ty= clearing factor 2%

P”AX7L) total pbwer output at the P.R.F. in which laser starts arcing 22

t gas flow transit time
\JL L . H. W= volume flow rate
puMe pump energy
% pulse repetition frequency

useful parameter in a recirculation gas systems is the energy ratio Eg defined as
the ratio of kinetic energy flow rate in the highest-velocity (smallest area) part of
the hydraulic loop to the absorbed power.
The energy ratio of a given system becomes approximately independent of operating con-
ditions once a fully turbulent regime is achieved so that a useful comparison among
the proposed operating specifications in terms of power requirements may be obtained
The energy ratio is:

P(F)/P(R) = Eq @)

where:

LI I TR T A T 1)
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10.

11.

P(F)= 1 V.d.pd = kinetic energy flow in the fluid streem (5)
3

P(R) power absorbed by fan

d gas laser density

The value of E, is generally around 0.6 for small excimer lasers mean while reaches
values of 3 to 7 for well optimized wind tunnels. By use of equation (3) introducing
the values of V and of W into (5) it is possible to express P(F) in function of laser
specifications and finally with (4) derive fan power

P(R) = (1/RE)(2/E)(K (Epurer) Py (L) b /26, E2 1] t6)

Ep = total stored energy per pulse.

Using specifications given in Table 4 it is possible to derive Table 5 and Table 6.
Table 5 shows the energy flow rates for the two kind of systems taken into considera-
tion in Table 4 both for a low energy ratio and a high enerqy ratio. It is possible to
see that even in a well optimizes wind tunnel, fan power consumption can be a consi-
stent fraction of power input to the laser head depending on design and buffer gases.
Table 6 shows some evalutation about pressure drops and dimension of commercialy avai-
lable fans capable of satisfying the design requirements.

The design gas velocity 1in the discharge region of the EUREKA excimer laser is a
non-negligible fraction of the speed of sound. When the Mach number is not small,
noticeable changes in gas temperature and pressure take place because of compressibi-
lity effects. In particular, when the gas is accelerated from zero speed to a given
velocity 1ts temperature decreases, in a manner that can be calculated from the Ber-
noulli equation and the equation of state when the flow is isoentropic, as it may re-
asonably be assumed in a well-designed contraction.

Table 7 schows the increments in temperature and pressure which are forseen to be man-
tained 1in the stagnation region (low speed part of the recirculating system) and par-
ticular at the entrance of the convergent leading to the discharge region if 50°C and
2 atmospheres are to be mantained in the discharge region itself.

o

Cooling features

As can be observed, compressibility effects are relevant for the type I configuration,
in wich a temperature difference of 65°C for argon ad 33°C for neon exists between the
discharge region and stagnation conditions. This temperature difference may be advan-
tageous in that a smaller heat exchanger is necessary.

The EUREKA excimer laser recirculation system must include a suitable cooling device
in order to dispose of the heat generated both by electric discharge and by friction
in the ducts.

In order to estimate the approximate specifications of the heat exchanger, the rele-
vant parameters are the thermal power to be transferred, the flow rate and temperature
of the two fluids, and the maximum allowable pressure loss due to friction. it will be
assumed that the coolant fluid is running water.

Typical wvalues of the heat enchanger parameters for the different conditions foreseen
for the EUREKA excimer laser are collected in Table 8, for an inlet water temperature
of 209C and exit gas temperature of 50°C at a pressure of 2 or 5 atm. In the same ta-
ble an estimated indicative value of face area is given

Overall recirculation system features

In table 9 are indicated the main components which make up the recirculation system
for type I laser. If a high energy ratio is to be achieved, each of these components
must be carefully designed and tested.

The possible locations of the cooling unit are indicated in Table 9 before or after
the fan or at the end of the second bend before the convergent. The overall size of
the loop may be of the order of 2 by 0.8 metres, indicatively.

A similar system for the type II discharge section configuration is also easy tc be
made. The main differences would be in the use of sharp bends with guiding vanes, pre-
ferable because of the thicker cross-section and use of a 3:1 rather than 4:1 diffuser
to shorten the loop (the somewhat worse energy ratio that this will entail, is proba-
bly tolerable given the lower power involved).

The overall size of the type II loop may be estimated in 3.5x1.5x1 metres.

Of course, the dimensions indicated in these two examples are only indicative, and are
intended to serve as a quide in finalizing system specifications.

The discharge region is the highest velocity part of the loop and particular care must
be taken to design it in such a wav to achieve good aerodynamic efficiency (energy ra-
tio).

Gasdynamic and electrical proporties must, be taken into account. For instance particu-
lar care must be taken in designing a high velocity region without protrusions, sharp
corners and sudden cross-section variations. A peculiar and important aerodynamic pro-
blem 1is that created by the release of energy from the discharge itself. The perfor-
mance of the downstreem diffuser might be strongly effected by such a behaviour and
even the energy ratio might be adversely influenced.
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The perturbation induced in the gas conditions by the electric discharge has been ob
served in the past to effect unfavourably the stability of subsequent discharaes. Nu
merical simulations could be set up tu study the evolution of this perturbation and
the recovery of uniformity.

Experimental tchniques to properly assess discharge behaviour by means of optical dia-
anostic of the active medium with holoqraghic interferometry will be implemented by
gJroups having already proven experience.l;z

Gas purification and material compatibility are essentially engineering problems but
not less important ones. Gas purity is generally achieved by means of criogenic coo-
ling so to freeze compounds tformed in the discharge region. The most harmful component
for the discharge region are nitrogen oxides from residual air and halides from rea
ction of activated halogen atoms with the container walls. Elimination of the impuri -
ties and replenishment of the consumed halogen donor (Fz or HCl) can increase by seve-
ral time the duration of a gas refilt?.

Replenishment of the halogen doncr is an easy operation reguiring only pericdic addi-
tions of Fy or HCl and does not require further discussicn. A closed loop refrigera-
tinag unit will be the best solution for cricgenic coocling.

From the specifications of the EUREKA excimevr laser it can be obtained that one passa-
ge through the trap every 10 shots requires a gas flow rate of the order of 3 1/s for
both the tve=2 I and type Il discharge region configuration. Refrigeration of this
quantity of gas from +350%0 -50°C requires 1 refriuerating power of between 400 and
1000 kcal/h depending c¢n the composition and pressure ot the laser mixture.

Material compatibility is of course ancther impcrtant engineerind prcoblem.

Most common metals of construction are self-passivatina and compatible for use in a
pure fluorine environment. All metals burn in pure fluorine if heated tc the ignition
temperature. but of course self -ignition is inhibited in 3 mixture of inert gases with
a low fluorine content because of the effect of thermal conduction.

Different 1is the situation in the presence od hvdrcfluoric acid, which forms complex
compounds leaving the surface of the metal exposzed to further corrosion.

An important source of hydrofluoric acid is water imcur:itvy,. which reacts spontaneously
with flucrine to form hydrofluoric acid. Mcisture tself -an als3o react with the pas -
sivating fluoride film, forming complex compounis anil leavinag the metal zurface expo-
sed to further corrosion. Therefore one2 imperative “anution vt be taken in fluori-

ne-handling systems is to eliminate carefully any “ra Comoasture.
Depending on the composition of the gJas used Jdiffer - . muterials are available the
most resistant of which are copper, brass and stain. 55 steel

Among less common materials, tantalum displays a very 3:od resistance to hydrochloric
acid but is rapidly corroded by hydroflucric acid, while a nickel alleoy known by the
commercial name of hastelloy shows very gocd resistance to both compounds.

RESULTS_OF THE MARKET STUDY

A market study has been commissioned to a specialized company to back up the technical
work of this proposal.

Presently excimer lasers are mainly used for research. Also the excimcor lasers instal-
led for industrial material processing purposes are nearly exclusively used in application
laboratories for process development and application studies. The same is true for medical
exXcimer lasers which are presently only used for experimental work.

In the future industrial, medical and measurement applications are to be expected.
Especially in industrial material processing high power excimer lasers (with an average
power in excess of 500 W) are expected to find applications as well as low power excimer
lasers.

Table 10 shows hnow this market study has been subdivided in application sectors to
properly assess the market potentials. We do not report here the complete results of this
market studyv which is a proprietary study but we show in Table llth the overall result of
the potential accumulated market for Europe up to year 2000, for low power (less than S00
W) and high power (more than $00 W) excimer lasers.

The results of this study are indicative of to day know how and dont take any notice
of improvements in the tecknologies and break through which are likely to happen in the
future vears.

The analysis of present market potential shows that mainlv low power excimer lasers a-
re expected to be needed. In addition to the general guidelines of low price/power ratio.
high reliability and up time, development of the application technology and syvstems suited
for industrial use (which is extremely important), the need to follow specific require-
ments are:

1) Good shot to shot repeatability is necessary for microelectronical applications (bet-

ter than 2%).

2) A uniform beam profile is important for microelectronical applications.
3) Reduced 1linewidth (achieved e. g. by injection loking) is important to overcome the
imagina difficulties (it is very difficult to develop an achromatic lens of the requi-
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red size).

4) An wup-time of 95% or more as well as an easy to maintain construction is required for
an integration of excimer lasers into production lines.

Sy Lasers with 1long pulse length are needed for fibre optic»2l beam delivery (i.e. for
medical applications), as well as for some material proces ing and scientific appli-
cations.

6) In order to avoid plasma formation when strong focusing is necessary a high repetition
is to be prefered to a high peak power (e.g. for many materials processing applica-
tions)

CONCLUSIONES

A study has been carried out within the frame of the EUREKA organization to assess the
necessity and feasibility of a high power excimer laser of up to 3 kW output. The conclu-
sion has been that such a machine is feasible but that is worthwhile concentrating on lo-
wer power excimer laser (up to 1 kW) with peculiar beam and versatile characteristics.
This is the basis for the already started EUREKA EU 212 HIPULSE PROJECT.
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EUREKA QVERALL PARTECIPANTS
AUSTRTA LUXEMBCUEG
BELGIUM NCRRWAY
CEE THE NETHERLAND
DENMARK FORTUGAL
FRANCE TINITED KINGDCM
FINLAND JFPAIN
FPRG ZWELEN
SREECE SHISE
IRELAND TURKEY
ITALY
TABLE 1
EUREKA EUROLASER SPINNED OFF PROJECTS
CARBON DIOXIDE
EU 180.- 12 Kw CARBON DIOXILDE LASER AND RELATED SYZITEMS
PARTICIFANTS BELGIUM, AUSTRIA, ITALY. SFAIN
INVESTMENT ¢ 3l.e M.E.C.U
DEVELOPMENT TIME : 5 YEARS
EU 114.- INDUSTRIAL APPLILATION EVALUATION FOR HIGH FOWER LASERS
F‘ARTILIPANTc AUSTRIA. DENMARK, FRANCE., F.FE.G., ITALY, SPAIN, "".K., GREECE
INTERESTED EELGIUM
INVESTMENT ¢ 327.7 M.E.C.U.
DEVELOPMENT TIME : 5 YEARE
EXCIMER
EU 20%.- HIGH POWER EXCIMER LASERS
FARTICIFPANTS FRANCE. F.RkR.G.., NETHERLAND
TN ESTMENT 14,2 M.E.C.7J. FCR 20 MONTHS
DEVELOFMENT TIME : S YEARS
EU 212.- HIPULSE (HIGH POWER ULTRAVIOLET LASER COURCE»
FARTICIFANTZ ITALY. NETHERLAND
INTERESTED U.K.
INVESTMENT : 10 M.E.C.U. PLUZ OTHER & FRCM U.K.
DEVELOPMENT TIME : 4 YEARS
ZCLID STATE
EU 226. HIGH POWER SCLID STATE LASER
FARTICTIPANTS :  FRANCE., F.R.G.
INTERESTED ITALY, Y.K., THE NETHERLAND, SPAIN
INVESTMENT 12 M.E.C.0,
DEVELOFMENT TIME : & VEARS

TABLE C
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EUROLASER ITALIAN EXCIMER WORKING GROUP

L. OFFICLINE SALILES PERITO: 4. ICo (TALIMPONI:
APPLTTATICN ITUDIES «2CITAAE, IED, CRETONIZATION JYSTEM II  /IEQ., ENEA,
SALILEC, ETM, FCME I ANL I TRVIN
- MARKET ANALYSIZ :ENEA, TISE: KINETIC CODEC AND SIMULATION (ENEA;
- DISTHARGE RES. DECZISMN (< IEQ, ENEA., OFF.
CALILED)
. OJFFICINE GALILED {BURLAMATCHI: - NEW CICHEMET  «OFF. SALILE.  UNIV.  OF
GCENERAL CY¥3TEM DESICGN (IED, OFF. LECCE, UNIV. CF BAFRI?
SALILES, ENEA)
- SYSTEM CONTROL AND AUTOM. (IJOTITAABRY . ENEA 'LETAKDI®
SAFETY SYSTEM BEAM MONITCRING AND CONTRCL
ENGINEERING «CONTEN. OFF.GALTILED) DIELECTRIC CCATINGS {ZELENIA. oFF,
SALILED:
BEAM QUALITY AND 2FT. JAV. [CECISN
7. IRVIN SYZTEM (FANTINI) VQUANTY CYSTEM, UNIV. OF PAVIA. SALILED,
- MATERIAL COMPATIEBILITY (SNIA BPD) ENEA)
- ENERGY STOFAGE SYITEM - WAVELENGTH SHIFT . IED
FREIONIZATION SYSTEM « IRIN, ENEA: - ULTRAZHORT FULZES (UNIV.OF ROME I, ENEAD
POWER IUPPLIERT «ELEN. IRVIN? OPTITAL COMEONE AND NON LINERAR CPT.
- ZWITCHES (IEC, IRVIN: - SALILED
- PECIRCULATION ZYIZTEM (ENEA., SNIA-EPD.
IEQ:
- TOJLING (SNIA-EFDS
- SRS PURITY (SNIA EFPD!
TAELE 2
LASER SPECIFICATION
LASER POWER EF(L): 2 KW
CISCHARTGE POWER = 150 kR
E4d = 1.2 Y/LITRE
TYFPE I DITCHARGE REGION 2:32:90 om
SAZ IPEED 256 m/s
FULSE FEF. PATE 2 kH: 1 J/F
TYFE IT DIZSCHARGE RECION 10x10x100 cm
GAZ CPEED 10C m/s
PULSE REP. RATE 0~ Hz 10 J7
SAS: Ne, Ar PRESSURE Z-% bar
TABLE 4
KINETIC ENERGY FLOW RATE
TYCE SAY % CiED CIRY (ER= ¢ PRy ER=x
nar kil W [
I e Z 200 SN0 0
I N= = TN L2 Zi
I Ar 2 LLG N 101
I Ar £ 1840 2600 B
I Ne 2 3¢ 127 1z
T MNe £ 200 220 iz
I Av pen e :
IT Ar g 100 (o -
TABLE <




FAN REQUIREMENTS

FOR THE EXCIMER LASER RECIRCULATION SYSTEM

(ENERGY RATIO E

5)

DISCHARGCE FLCHW FAN AFTEOLIMATE ABCCREED
RECION FATE HEALD DIAMETEF POWER
TYPE I = 5 0Im 2 m Ly 200 Py
of water
TYFE II 1c 3 19 m <% m L0303 Kw
2f watar
FAELE
COMFRESSIBILITY EFFECTS
PISCHARGE SAZ MACH NUMRER CTACNATION
FREGICN | G L fkac
I Ne 45 oz <
I Ar 73 (=5 i.2
IL Ne 22 = ag
II Ay 21 17 17
TAELE
HEAT EXCHANGER SPECIFICATIONS
LIJTHARGE GAZ JPERATING FLOW TEANCFERFED ESTIMATED
FEEGION FREZIURE FATE HEAT TATE AREA
TYPE I ti= 2 Eay ComToE 21 Fw Lol omn
TYPE I tz S bav Comz/z 200 Fw D
TYIE 1 Ar 2 tar £ oma’s 270 KW 2% my
TYFE I Ar S kar Lomo/5 158 K 21 ma
TYPE [I Ne 2 bar 17 mo 'z 16 Hw 8 ma
I'YEE IT Me % bar L9 mois L% KW 12 mg
TYPE II Ar I kar LT ome s 190 Kw Lomaa
TYPE I1 Ar & tar 19 mz/3 122 Kw 4 oma
TABLE 2
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TYPE I RECIRCULATION SYSTEM

10

{ROUND-TO RECTANGULAR ADAPTER.

S

CENERAL LAYOUT OF THE RECIRCULATION SYSTEM IN THE TYPE I CONFIGURATION.
1: DISCHARGE SECTION. 2: 4:1 DIFFUSER.
S: POSSIBLE HEAT EXCHANGER LOCATION.

3: STRAIGHT DUCT. 4: 180 SMOOTH BEND.
6: 35 CM-DIAMETER FAN. 8: FAN DIFFUSER AND

9: POSSIBLE HEAT EXCHANGER LOCATION. 10: SECOND BEND.

11: POSSIBLE HEAT EXCHANGER LOCATION OR TURBULENCE-CONTROL HONEYCOMB. 12: CONVERGENT.

TABLE 9

APPLICATION SECTORS AND APPLICATIONS OF EXCIMER LASERS

APPLICATION SECTOR

APPLICATIONS

MICROELECTRONICS

PHOTO CHEMISTRY

MATERIAL PROCESSING

MEASUREMENT AND RESEARCH

LITHOGRAPHY, DIRECT WRITING, ANNEALING, LASER
ETCHING, DOPING, DEPOSITION, LINK BREAKING, X-RAY
GENERATION

ISOTOPE SEPARATION, CHEMICAL SYNTHESIS, CATALY-
SIS, POLYMERIZATION, MATERIAL PURIFICATION, SIN-
TERABLE POWDER PRODUCTION, PHOTODESTRUCTION OF
POLLUTANTS

CUTTING, DRILLING, WELDING, SURFACE ALTERATION,
ABLATION AND MICROSTRUCTURING, METALLIZING AND
DRILLING OF PRINTED CIRCUIT BOARDS, STRUCTURING
OF CERAMICS, POLYMERS, AND COMPOUNDS, MARKING

DYE LASER PUMPING, SPECTROSCOPY, LIDAR TECHNIQUES

TABLE 10




MERRET FOR FXCIMER LASERS IN EUROPE

(ACCUMULATED MARKET IN UNITS)

APPLICATION SECTOR LOW POWER LASERS HIGH POWER LASERS
(LESS THAN 500 W) (MORE THAN 500 W)
MICROELECTRONICS
PESSIMISTIC 100 0
MOST LIKELY 1000 0
OPTIMICSTIC 4000 250
PHOTO CHEMISTRY
PESSIMISTIC 0
MOST LIKELY 120
OPTIMISTIC 700
CUTTING, DRILLING,
WELDING, MARKING,
SURFACE ALTERATION
PESSIMISTIC 45 15
MOST LIKELY 130 130
OPTIMISTIC 630 540
MEASURMENT AND
RESEARCH
PESSIMISTIC 1500 10
MOST LIKELY 2500 20
OPTIMISTIC 3500 50
TOTAL
PESSIMISTIC 1645 25
MOST LIKELY 3630 270
OPTIMISTIC 8130 1540
TABLE 11
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High Power Excimer-Laser
H.-J. Cirkel

Siemens AG, HammerbacherstraBe 12 + 14, D-8520 Erlangen
Fed. Rep. Germany

Abstract

For excitation of high power excimer lasers a pulse forming network (PFN) has been developed
which is made up of a large number of paralleled waterline capacitors arranged normal to

the optical axis of the laser. An elongated x-ray gun employing a hollow cathode preiconizes
the laser of 45 cm gain length. Up to 4 J optical energy have been measured at 308 am.
Between 1 J and 2.5 J the laser emits at other known rare gas-halides wavelengths for a
lower stored energy in the PFN. With an injection locked amplifier low divergence operation
has been achieved. The results of a 20 channel pseudo spark switch are presented and show

a current rise of 2.6-10"2aA/s for 100 kA peak current.

Introduction
For advanced industrial applications in the fields of material processing, photochemistry
and especially laser isotope separation, high power excimer lasers are of special interest.
Consequently the Kraftwerk Union group of the Siemens Corporation started a development
program.

System description

Figure 1 shows the components of a high power excimer laser. At about 5 cm distance the
laser head houses the elongated electrodes, the grounded one of which is transparent to
the x-rays for preionization. The pulse forming network made up of low inductance water-
line capacitors stores the electrical energy, which is transferred to the laser after
closing the switch S. The charging unit connected with the public grid provides the elec-
tric=! energy for the laser. For high rep rate operation a flow loop composed of blower,
cooler and gas processor produces a homogeneous gas flow through tne laser head transverse
to the optical axis.

The aerodynamically designed bars of the laser head (fig.2) bear a shielding to prevent
agalnst sliding sparks and the current returns from the grounded electrode to the pulse
forming network (PFN), consisting of many paralleled waterline cpacitors. These stripline
capacitors are stacked along the optical axis and use deionized water as a dielectric
because of its high dielectric strength of more than 100 kV/cm, high dielectric constant
of about 80 and its good cooling properties. A variety of low inductance switches such as
spark gaps, rail gaps, thyratrons or pseudo sparks can be used with this type of PFN.

The PFN composed of paralleled waterline capacitors of neglegible electrical length, is
formed by stainless steel plates immersed in deionized water and arranged vertically to

the optical axis of the laser V. Different circuits of the PFN can easily be realized by
connecting the plates with the different electrodes Eq, Ep of the laser head K and the
switch S. By choosing only current compensated geometries for the plates, all the inductance
of the excitation circuit has to be liocated in the laser head with its current returns.

The LC-inversion circuit (fig. 3a) allows doubling of the charging voltage across the

laser electrodes. The smallest unit representing this circuit is shown in fig 3b. Many of
this unit are paralleled in the PFN. The charge transfer circuit (fig. Y4a) is also in
widespread use for excitation of excimer lasers. By changing the plate area and/or the
thickness of the dielectric. the capacitance ratio C /Cgk can be varied (fig. U4b), so that
the measurable peak voltage across the laser electrodes is between one and two times the
charging voltage of the PFN. The ICT-circuit represents a combination of the above mentioned
circuits (fig. 5). The achievable volitage across the laser electrodes depends on the
capacitance ratios and is between one and two times the charging voltage of the PFN.

Because of fthe properties of the water dielectric pulse charging via a solid state capaci-
tor Cz and a switch Sp is required (fig. 6). The electronic control of the laser triggers
the charging unit and the switch Sp. After the energy transfer from the capacitor Cz to

the waterline capacitors the switch S is activated. In case of two thyratrons EGG HY 3202
or EEV CX 1625 being paralleled for the switch, both tubes have to be synchronized actively
within + 1 ns. During the voltage rise across the laser electrodes the control unit fires
the x-ray puise of about 50 ns halfwidth for preionization of the laser gas.
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X-ray preionizer

The required 100 kV voltage pulse for the x-ray gun is generated by a pulse transformer 2,

of which the primary windings are the load of a pulse generator {(fig. 7). Substituting the

x-ray gun by a 50 Ohm or 00 unr resistive load, the characteristics of the pulse transfor-
mer are recorded (fig. 8). This type ot transformer., which can reliably be run at repetit-

ion rates up to several hundred Hertz, is characterized by a very low stray inductance and

a coupling of more than 99,9 %. Because of the problems associated with field emission

cathodes we have developed an x-ray preicnization unit employing a hollow cathode.

The hollow cathode turns out to be superior to the cold or field emission cathode (fig.9;.
Progressing in time the x-ray gun with field emission cathode shows a degradation of its
emission caused by a melting and a concomitant sputtering from the thin cathode. Employing
the hollow cathode no decline in X-ray intensity is observed even after several miliion
shots and at repetition rates up to several hundred Hertz. A very stable and homogeneous
x-ray distribution along the optical axis of the laser is measured for this type of preion-
izer.

Results

The laser itself has been operated at low repetition rates with a gain length of 45 cm and
an electrode gap of 53 mm. Neon at 5 bar is used for buffer gas with 0.5 % to 1 % Xe and
about 0.1 % to 0.2 % HCl and an addition of 0.02 % H,. The inductance of the excitation
loop is measured at about 10 nH. According to the burn pattern of the laser pulse the dis-
charge width depending on the stored energy in the PFN varies between 40 mm and 532 mm. The
optical pulse Popt (fig. 10a) of nearly 60 ns halfwidth extends about 10 ns beyond the
exciting current pulse. After closing the switch the voltage U;, across the laser electrodes
rises for about 200 ns until gas breakdown occurs and the laser current I; starts to pump
the laser (fig. 10 b). In the computer plot (fig. 10 ¢) the measured voltage is corrected
for the inductive voltage drop in the excitation circuit of the discharge. Immediately
after gas breakdown a constant voltage of about 100 ns duration is established feeding the
high pressure glow discharge at charrcteristic E/P values. The resistance of the gas dis-
charge collapses to 0.15 Ohm (fig. 10 d) ariven by an excitation circuit of 0.28 Ohm
characteristic impedance. Between 70 % and 80 % of the total energy dissipated in the dis-
charge is injected into the laser gas during the first current peak.

In the leading edge of the voltage pulse Uy (fig. 10b) the laser has to be preionized by
the x-ray pulse of sufficient intensity. About 110 ns prior to the breakdown time (fig.11).
which remains nearly constant during the experiments at about 180 ns after start of the
voltage rise across the laser electrodes, the laser has to be preionized for optimum per-
formance during a time window of about 50 ns duration. Under these conditions the laser
pulse of about 2.7 J shows an energy stability of 1.5 %, whereas at too late a timing the
strong fluctuating pulse energy drops dramatically associated with a very poor discharge
quality. Premature preionization leads also to an unstable discharge of low energy output.
The performance of the laser also greatly depends upon the properties of the PFN.

By the above described system output energies at low rep rate operation between 2.5 J and
4 J are achieved at efficiencies ranging from 2.5 % to 3 %. At E/P values of S40 V/cm bar
- slightly dependent on the gas mix - the high pressure glow discharge phase of the XeCl-
laser is established at current densities of 410 A/cm?. The optical energy density varies
between 2.2 J/1 and 3.1 J/1.

In addition to the XeCl mode this laser has been successfully operated at other excimer
wavelengths. For Krf the x-ray preionizer of 50 ns to 80 ns pulse width has to be timed
within 8U ns (fig. 12). At a charging voltage of 29 kV and about 110 J stored energy 3.1 J
have been measured for the XeCl-laser employing a plane-plane resonator of 5 % output mir-
ror reflectivity (fig. 13). The somewhat less efficient KrF-laser peaks for 30 % output
mirror reflectivity at 2.5 J. Remarkable 1.5 J for the XeF-laser are achieved and in the
ArF- and KrCl-mode the laser still emits 0.95 Joule. For buffersas ail different lasers
use Neon. The maximum pulse length of about 50 ns has been achieved by the KrF-laser

(2.9 bar Ne., 0.1 % F,. 2.6 % Kr) compared to about 40 ns of the XeCl- (4.75 bar Ne) and
XeF-laser (4.0 bar Ne, 0.1 % F,., 0.25 % Xe). For the KrCl- (4.0 bar Ne, 0.05 % HCLl., 3% Kr)
and ArF-laser (4.0 bar Ne, 0.05 % F,, 4 % Ar) the pulse length drops to about 30 ns.

injection locked amplifier

Employing a plane-plane resonator the divergence of the laser is measured at several mrad.
To improve the beam quality a combination of an oszillator and ampiifier 3 is used

(fig.14). With an unstable resonator of magnification 8 the oszillator starts emittine at
some mrad. narrows after several roundtrips to some 100 urad, until in the trailings edre a

divergence of less than 100 urad - about two to three times the diffraction limit -

87




is finai: reached. Py a proper timine of tne oc2il.oator EESERE R v ;
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At an energy per pulse of about 2 J the laser syctem t
power at 100 Hz repetition rate. In first preliminary :*
308 nm are achieved. To analyse the behavior of the
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ation pulse are recorded at higrh time recojubtion. before -as resxdown (U io0 17 4 ee g nre
undisturbed pattern with a fringe distance correspondines to 4/ = 1.5 - 1075 [0 b -
served. At the rise of the laser current the {rinrses are recuinrly bent T S
ceneous electreon density between 2 and & - 1015 rer oamt In L fer i ver t e
whole picture, the excimer molecules nre created bty the -t e o o -

side this resion 50 ns to 100 no after breacdown A cmail and trinted naprey coien
electron density cradually emerres. This time corre:ates with the tegsinrirney ot the roverce
current in the laser discharre. Prorressing In time the interferaometer rovenin o vory
rapid energy transfer to the laser w¢as from the electrons containe i " ;
A very turbulent zone with distinct boundaries arises. expands at the creed
covers the entire cross section nfter more than 20 ps. Durside the rrimary
recular shaped compression wave and the conccemitant wave of lower pressure -
faction wave - develops within 10 ps. This wave of 1 7. hirher density than t“ne curroundias
mas is built up by thermalization of the energy contained in the high prensure 71 N
charge and causes an adiabatic pressure rise ot 85 mbar and a temperature rise nf
i

oy

ed i tni

Bl

a static ras all kind of waves originating trom the short discharge are damped wi

rouchly 1 s. After this period the next discharse can be fired without nny loss in ortinal

Cculse enersy.

From these experiments a necessary condition for hirh rep-rate operation nas been deduced.
For optimum efficiency the density fluctuations within the iazer y;as must be wept we. .
beiow 0.1 % before the next discharce can be ignited. This condition poses stringsent
requirements on the PFN, the laser head and the flow loop design.

Multi channel pseudo spark switch

Bezsides hish rep-rate operation i high energy per pulse ig also required for hicmh averace
rower excimer lasers. The 4 J laser mentioned before has a halfwidtn of about 50 ns and
excited by a peak current of about 100 kA (fig. 18a). Two thyratrcns working at ‘> «V are
used for the switch in the PFN, wired as LC-inversion circuit. The peak current in forward
direction for one thyratron is measured at about 24.5 kA (fis. 18b); the pea« reverse
current amounts to 8.5 kA. Besides these values a severe ringing stresses also the thyrn-
trons used in the 4 J laser. Within the rated specifications the thyratrons are operated
for a 2 J laser.

A new switching element based upon the pseudo spark 4 provides a =nolutior. to hirher reak
and reverse currents. The pseudo spark is a low pressure ra. discharre workine on the left
brarch of the Paschen curve. By an insulator both elertrodes are kert in a distance much
cmaller, so that an avalanche discharge bridging both electrodes on the shortest path
cannot develop (fig. 19). Whereas electrons traveling in the axis of the facins hoies in
the electrodes can ionize the gas and thereby short the gap.

Ragsed upon this concept a new switching eiement 5 har been developed (fiy. 20). After
trigrering the device electrons from the hollow cathode discharyse are injected inte the
axlal field between the cathode and anode of the switch and acrelerated in the hivsh filetld.
In the backspace of the anode high energy electrons are collected on the surface of a
metallic ~up. The pseudo spark switech i3 characlerized by a very compact desisn ar !l a
commutation phase of less than 1 ns; both prerequisites for a low inductance switch. By
the hollow cathode structure lifetime limiting erosion processes on the electrodes are
avaoided. ARlso larre reverse currents do not cause any harm Yo the switch. In a rotuationa.
symmetric geometry a direct replacement of the thyratron by the seudo upars 1o p tibie.

For use in hirh power excimer laserz a p.eudo spark switeh compored of ceveral
sparks in parallel V i of special interest (fie. 21). Tt s device recemb.os a rai: cap
switeh but avoids itz technicai: drawbacks.
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N \ ) vead current: [
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y s s e reverse current: s P0 5 Phe
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LO Hz without anv derradation and . ) .
p . : - , Inductance: »oni
damare. In other exveriments the
multichanne! pueudo rk sucrcess- Jitter: + 1.5 nn
fully replaced the thyratrons in 1 o .
yoreg AR A ; * jimited by PFN
laser system emiti ins the same pul-oe .
eneryies for a Xell- sepr trom 2.1
to 2.5 J. Table: Parameters of a2 20 chann roewdo Rl
switch
Conclusions
From our results we are confident, that reliab'e excimer lasers Hf muchk hisrher averase
,ower wilil become teasible and would be an usetul too.: in industrial appelications.
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GAIN, ABSORPTION AND SATURATION INTENSITY MEASUREMENTS OF A DISCHARTE FPUMPEL, ¥-RAY
PREIONIZED Xe-C¢ LASER

T. Letardi, P. Di Lazzaro, G.Giordanc, E. Sabia,V. Boffa*, S. Bclianti*,
T. Hermsen*, C.E. Zheng**

ENEA, Dip. TIB, U.S., Fisica Applicata, C.R.E. Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)
Abstract
The small signal gain and absorption coefficients of a high uniformity, X-ray preionized
Xe-C¢ laser have been measured. Their time evolution and wavelength depencdance have been

simultaneously detected with high resolution.

Two distinct estimates of the saturation intensity were obtained by means of a Rigrod-type
analysis of the intracavity intensity and by using saturated gain measurements.

I, Introduction

We present the results of a detailed experimental study of the gain characteristics of a
high uniformity, X-ray preionized, self sustained discharge Xe-C¢ laser, entirely realized at
the ENEA center of Frascati.

The laser system, described in Ref. 1,2,3 consists of a laser cell with an active volume
of about 1 1liter (dimensions 3,5x3,5x80 em3), filled with a gas mixture of HC¢/Xe/Ne
{(1:6,7:2019) at a total pressure of 4 atm. The active medium is uniformly preionized by X-
rays using a 3 kA, 50 ns pulsed plasma cathode and a resonantly charged tungsten target
anode.

In order to gain a deeper insight into the physical characteristics of this device, the
time and spectral dependence of the small signal gain and absorption coefficients together
with the saturation intensity have been investigated. Due to the intrinsic nonsaturable
absorption, the extraction efficiency of excimer lasers depends on the parameters g,-¢ and
y=g,/ar where g, is the small signal gain coefficient, ¢ is the non-saturable absorption
coefficient and ¢ is the active medium length. It is therefore necessary to know the temporal
evolution of these parameters in order to predict and to optimize the performance of any Rare
Gas Halide laser.

The time and spectrally resolved gain and absoption measurements were performed using the
frequency doubled output of a long pulse, flasa-pumped dye laser to probe the active medium
in the wavelength range around the main laser transition lines. Thus the high resolution
(A1 = 0,5 A) spectral profile of the gain and the time evolution (resolution AT = 5 ns) of
both the gain on the four B-X transitions and the absorption coefficients have been obtained.

Finally, two different measurements were performed to obtain an estimate of the saturation
intensity. Both make use of a Rigrod analysis of the intracavity intensity at different
reflectivities of the output coupler, but with the difference that in the first measurement
the saturation intensity was calculated directly from the measured output intensity by
solving the resulting transcendental eguation, while in the second measurement the saturation
intensity was obtained from the mean intracavity intensity and the measured gain of a probe
beam.

Most of the measurements of g, and a were performed at an energy deposition rate of 200
kW/cm?, but some were done at 250 kW/cm® and 350 kW/cm?. These pumping rate density values
were obtained from a numerical simulation of the discharge circuit and checked by means of a
more direct method which uses the pressure jump in the laser cell during discharge 4, a1l
measurements of the saturation intensity refer to an energy deposition rate of 350 KW/cm3,

The paper is organized as follows: in sect II we describe the experimental setup and give
the results relative to the absorption and gain coefficient measurements, while sect III is
devoted to the measurements of the saturation intensity. Final conclusions are drawn in sect
Iv.

* ENEA Guest
*+0On leave from Shanghai Institute of Optics and Fine Mechanics and ENEA Guest
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II. Measuremen: <f tne hpscorption Coelriolent and_tne Smal. Signa.

Experimental Setup

The intensity I, of & probe laser bear at the exit of an arpl.iylne meciurm can e
expressed in terms cI tne input intensity I, oy

I, = I; expllgy-¢) ¢! (1)
where g, is a function of both the wavelength and ctime, while o is supposed tc be only time
dependent in the operating wavelength regicn; ¢ is the active mediurm length. The expression
(1) holds only for steady state amplificatien and if the conditicn fcr the probe bearn

intensity

I(z) << Ig ., 0 sz < ¢ (2)
is satisfied. The saturation intensity I, is & characteristic parameter of the active medium
and in our case was of the order of 1 MWscm’. Before every set { measurements, the
fulfillment of condition (2) was checked through the linearity of I, versus I,.

The experimental setup is drawn in Fig. 1. The Phase-R DL 1100 flash-pumped dye .aser used
in the experiment has a pulse duration which can range from 100 to 250 ns, by changing the
net gain of the active medium.

The small signal again coefficient has peen measured in the wavelength interval 3075 A -
3085 A, while the absorption coefficient has been measured only for « > 3085 A. As a matter
of £fact, for wavelengths shorter than the emission peak (} < 3080 A), there is a long
fluorescence tail 2, primarily due to transitions originating from ' > I vibrational leveles
in the B electronic state, which do not permit absorption measurement.

The maximum output energy ranged from 0.5 to 2.0 mJ, depending on the operating
wavelength., After the spatial filter Pl {(see Fig. 1), a collimated laser beam with a 4 mm
spot diameter was available for the measurements. The probe laser beam power and wavelength
were monitored by means of an ITT FW114A photodiode and an optical spectrum analyzer (OSA)
respectively. The OSA was used in conjunction with a 0,75 m spectrometer with a 3600 rows/mm
grating, {overall spectral resolution: Ai=0.12 A) and an optical fiber allowed the beam
handling (see Fig. 1). Neutral density filters were inserted at the entrance of the Xe-C¢
medium in order to limit the probe beam intensity and thus ensuring the gain linearity. An
optical filtering system behind the Xe-C¢ target, composed of a lens and a pinhole,
increased the signal to noise ratio, where the background noise derived essentially from the
Xe~C¢ fluorescence. Finally the amplified beam was monitored by means of a second ITT
photodiode after attenuation to ensure that the detector working point was far away from
saturation.

The hAbsorption Coefficient «

The measured time dependence of the absorption coefficient for two different wavelenaths
= 3125 A and 3140 A is reported in Figs 2 and 3 respectively.

The first was chosen because of the expected negligible gain at this wavelength ®. Corkum
and Taylor 7 assume that the absorption coefficients at these values and at 308 nm are the
same due to the broad band absorption spectra of the species (e.g. Xe*2 ;s C€7, Xe,C¢, Ne')
which are thought to be important in the Ne based XeC¢ laser mixture during discharge 8,
In the following we will use the measurement results on wavelength 1=312,5 nm.

There is about 10% difference between the absorption curves on 312,5 nm and 314,0 nm, as can

TRANSIENT P%]D’
RECOROER =NF Fig.l Experimental layout for small signal
gain and absorption coefficients
,\ oF measurement, where
L, focal length = 20 cm
1
PO, NF Lg ASER™N BS?\A ‘ L, focal length = 15 cm
AP L Ly focal length = 10 cm
2 0SA. L, focal length = 15 cm
P, =pinhole ¢ = 4 mm

P, =pinhole ¢ = 0.5 mm

PD = photodiocde
OF = optical fiber
BS = beam splitter
F = UGll Schott filter
NF = neutral density filters
A = aperture
MASTER]
TRIGGER
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ve seen from the I aure., wihich seems to confoirm che praoad band avbscrption cround tne laser
N sition lines.

A ctime lInterval I aoour 500 ns was covered varyina the delay between tne discharge
rregkcéown and the probe pulse. N¢ larger t.mes were considered because it ras been observec
that the measurements would be seriously disturbed because of the formation of
inhomogeneities in the refractive index of the mixture after about 500 ns, corresponding to
the base width duration of the current pulse

As a result of these measurements, we calculated a peak vaiue of the absorption
coefficient ¢« = 0,27 z 0,01¢cm at wavelength t = 312,5 rnm and with & power depositior rate
cf 200 kW ocm?,

As evident from the Figs (2,3) the absorption reaches a maximum value after the peak power
deposition, in a similar way as in oreviously published absorption measurements using e-beam
excitation ° and UV preionization 7, both at a much higher power deposition level (~ 3 GW/().
In particular, the two-component behavior of the absorption may be due, according to Ref. 7,
to Xe', in the high E. P region and to Xe*2 ir the afterglow. This conjecture is supported by
the di%ferent ferrmaticon onset times of the two mentioned species

The Small Signa: Gain Coefficient g/

Figures 4 and 5 show the measurément results of the time behavicr after the discharge of
the net gain coefficient g, - « for two different wavelengths corresponding to the two main
laser transition lires, at a pumping rate deposition of 200 kWscm?. A maximum value Of g, =
4.7%/cm was obtained for i = 3079.6 A (corresponding to the main laser transition line) and
for a delay time of about 230 ns. Using the measured peak value of the absorption
ccefficient, we calculate a gain to loss ratio g,/«¢ = 181 at the peak of the gain.

The gain and absorption coefficients measurement was repeated at an higher pumping rate
density of 250 kW/cm®, in order to check the pumping dependence of the coefficient y = g /a.
Figure 6 and 7 show the time histories of the small signal gain at the main transition rIine
and of the absorption coefficient at 4=3125 A respectively. Both time behaviors resemble
those of the corresponding ones at lower deposition rate (Figs 2 and 4) and the resulting
factor + = g,/a = 20%2 is the same (within the error bars) with respect to the above reported
y value at 200 kW/cm3. This seems to be in agreement with the experimental results
reported in Ref. 9.

Figure 8 shows the net small signal gain coefficient as a function of the wavelength for a
fixed time delay of 230 ns. The corresponding measured XeC¢ emission spectral profile
reported in Fig. 9 is a type of multimaximum having peaks at 307.6 nm, 307.9 nm, 308.2 nm and
308.4 nm, confirming that the XeC¢ laser takes place in the form of the bound-bound
transition, as expected theoretically !!. To our knowledge it is the first time that the
gain profile of all four B-X transition lines have been clearly resolved for the Ne based
XeCeé laser mixture (for He/Xe/C¢ see Ref. 12). It should be mentioned that no attempt has
been made to correct this gain curve for the finite bandwidth of the probe beam, which would
probably result in more pronounced difference between the minima and maxima.

Finally, in Fig. 10 we show the peak small sligni. gain coefficiern: fur different energy

ceposition rates i1 the laser cell.
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I1I. Measurements of the Saturation Intensity

To obtain an estimate of the saturation intensity of the mixture, twc different
experimental measurements were performed. The first makes use of a Rigrod type analysis of
the laser output intensity of a plano-plano cavity, as a function of the mirror
reflectivities and the saturation intensity 3. Strictly speaking this method is only valid
under stationary conditions, but one can show that for our experimental conditions the steady
state approximation is well satisfied. Using a geometrical approximation one may write for
the right and left travelling intensities I _(z] and I_(z}

— s a= - — — (3)

with the boundary conditions

I(L) = I_(L) R, T2
(4)
1.(0) = 1.(0) R, T2

R, and R, are the reflectivities of the back and the output mirror respectively, and T¢ the
transmittance of the quartz-windows in the gas chamber. Equation (3) may be integrated to
obtain a transcendental equation in the variable 4 = I_ I /I “. Solving this equation for & as
a function of the parameters R,, R,, T;, go and a, one may calculate the saturation intensity
from the measured intensity I, at the exit of mirror M,. To determine the peak output

e
intensity, both the laser pulse shape and the total pulse energy were measured.

The values of the parameters used were

Ry, = 98% 9, = 8.9 % 0.2%/cm

[!]

Te = 99% a 1.4 + 0.3%/cm
while for R, three values were taken, namely, R,=10%, 23%, and 84%. The higher value of the
peak small signal gain coefficient with respect to the earlier measured g, is due to the
higher pumping rate deposition in this case (350 kW/cm?). This implies a correspondingly
higher absorption coefficient assuming a constant ratio g,/a °. The value of the effective
absorption coefficient was obtained by taking the sum of the intrinsic absorption coefficient
{0.5 * 0.1%/cm) and the estimated loss due to diffraction (0.9 # 0.2%/cm).

From these measurements three values for the saturation intensity were calculated (see
Table I) with a mean value of
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J' + .3
<l > =05 L MW em® (5

-0.2

The error bars were caiculated by finding the maximum and mipimum values of I_., varying the
parameters a, g,, and I, within thelr error bars.

The second method uses the intracavity intensity dependence of the gair ¢f & probe beam.
Indeed, for the propagaticn of the probe beam with a sufficiently low intensit
I.) we may write:

.
"y 1 {l.e. I <<

dl_( £, ¥ 6
dz l+|(_|-1.|l‘ “ (6)

The intrecavity intensity I_.(z) depends on the longitudinal coordinate z. However, 1t can be
shown that the error made in Eg. (6) by taking its mean wvalue over the cavity length 1is
small, and hence the equation may be integrated to give for the amplified probe beam the
following expression:

o

L™ l;,,“"P‘ ( T+<i>1 ¢ Je =1 expig-O (7)
¢ -

where g is the net gain coefficient of the probe beam. Using a modified Rigrod analysis 4

one may express Lhe mean intracavity intensity <I_> in terms of the intensitiy I, at the
output coupling mirror M,:

(1= R:RyT! )V R+ VR |
<1>=- . (8)

T : 4

(1 —R2 lTr'\ Rl “in v (Rl'Rz'Tf'

In this way, by measuring the amplified probe beam intensity I ,, and the laser intensity I,
at the exit of mirror M,, one may calculate the saturation intensity.

Of course, this method depends heavily on the technical possibility of separating the
amplified probe beam from the much larger overall background laser intensity. This has been
achieved elegantly by means of the Brewster angle quartz windows W, and W,.

The experimental set up is schematically drawn in Fig. 11. The probe beam was taken from a
Lambda Physik EMG50 XeC¢ laser with 17 ns (FWHM) pulse duration, which was attenuated (filter
A), recollimated (lenses L, and L,) and spatially filtered (pinhole PH) before entering the

Xe~Cl
PROBE LASER

Fig. 11 Experimental setup for the second measurement of the saturation intensity (see

text)

M; = cavity back mirror, Ly = lens (£=25 cm)
reflectivity 99% PR = spatial filter

M, = cavity front mirror J = joule meter Gentec ED-1000

M3 = mirror PD, = reference photodiode ITT,

M, = mirror FW-114A

A = neutral density filters PD, = signal photodiode ITT,

L, = lens (f=50 cm) Fw-114A
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TABLE 1: Results of first saturation TABLE I1: Results of second saturation
intensity measurement 1n(en31ty measurement
T Tttty T T W T e T T
) !
| Rz(%) (Mw/cm )l l (Mw/cmz) [ <l >(Mw/cm2) i | RZ(%) (Mw/cmz), g(%/cm) . 'S (Mw/cmz) <] >(Mw/cm )
D [T R e twlem | ufem) [l (wiem | dpiw/en’y
| s | | | 1
;- ] 2 ] [ ‘\ ! +0.7
b0 1.0+ 0.2 ’0_4 - ’ 1 10 1.0 +0.2 1 4.940.3 - ;
: o0 | ! : -0.5
| 0.2 | {03 | | +0.7 |+0.6
23 1.020.2 105 < [05‘ 23 10 $0.2 | 3.7:0.4 127 1.2 <
i |
| -0z | L_o.z o104 1-0.4
! - | - ‘ ‘
e ﬁ—-—~——u~~~V*——n T —— e o -
\ |
0.4 1 L4050 |
84 0.26 2 0.061 0.6 5 ' i 84 0.26+0.06 |2.2320.05 1.3 ‘
: I
! t_-0.2 ' [ -0.4
Laser celi. The other experimental conditions (mirrors reflectivity, pumping rate, etc.) were

:»f7 unchanged witn respect to the first measuremenc.

Due to the different polarizations induced b\ W, and W, the probe beam and the Intracavity
e.r. field are split at window W,, after which the gain is measured by photodiode PD;

The results of the measurements are shown in Table I1I and we calculated a mean value of
the saturation intensity of

{ + (1.6

<l > =120 MW em? (9)
- 0.4

Again, the error bars were calculated by finding the maximum variation in I
parameters within their range.

¢+ Cchanging the

IV. Conclusions

The absorption coefficient a« and the small signral gain coefficient gg have been measured, .
both as a function of the time elapsed after discharge breakdown, and g, as & function of the
wavelength. It should be noted that the time dependence of the absorptlon is rather similar
to that of the small signal gain coefficient g, (width, onset time, peak time) leading to an
approximately constant ratio g,/a with time.

Two different measurements of the saturation intensity were performed leading to the
values 0.5 Mw/cm? and 1.2 Mw/cm? respectively. However, ta.ing into account the rather large
error bars (see 5 and 9) these results are not really in contradiction but rather reflect the
considerable difficulty in measuring this quantity. These considerations are, on the other
hand, largely stated by the wide range of saturation intensity measured values, also for
apparently similar experimental conditions 7:%:15,16
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Abstract

The use of saturating magnetic materials 1, laser excitation discharge systems is
presented. Particular attention is given to the moct important parameters of magnetic
materials and to the analysis of some circuits such a> single and multi-stage pulse
compressor and pre-pulse isolation systems.

Introduction

The use of saturating magnetic muterials in pulse forming circuits for the laser
excitation of(}§§§?7!?§?Wf7?valanche discharges is becoming an important area of
investigation : Such techniques find applications especially in the
excitation of excimer laser systems where pulse power requirements are es???é§£%¥(§£¥§§fl7—
?é)presenF, the two ~.in fgshniques are in tne areas of puls? compression '

and circuit isolation The idea of pulse compression is to use a saturating
inductance as a switch that will allow a slow charge of the pulse circuit through a
thyratron and subsequently provide a fast deposition of energy through a low inductance
circuit to the discharge. Such a technique, therefore, permits a comfortable dI/dt for the
thyratron, insuring long life operation, and at the same time deliver a short voltage
risetime and fast energy deposition pulse desirable for the excitation of excimer laser
systems. f S use of a saturating inductor as an isolator is an even more powertul
technique The idea here is to overcome the necessity of charging the final stage
capacitors used for energy deposition to the gas breakdown volt?gs while the steady state
operating voltage of the discharge is some factor of four lower . The latter results in a
discharge power supply very far from a good current generator and, therefore, yields very
poor theoretical power transfer efficiences. The use of a saturating inductor as an
isolator permits the use of a separate low energy, high dV/dt pre-pulse and the subsequent
deposition from a low voltage main storage pulse power circuit.

While substantial successes are reported in the application of saturating magnetic
materials for these uses, very little discussion has been devoted toward elucidating the
details involved that lead to the successful implementation of these results. In this
communication, we wish to discuss, for example, the limits associated with the available
materials for the above mentioned uses, the losses associated with a saturating magnetic
inductance and the optimization associated with multistage pulse compressor.

Material considerations

Two general classes of materials are available: thOT?Agf various ste? 53lloys
including splat cooled amorphous metals such as Metglass and Vitrovac and those of
ferrites. The choice of the appropriate material depends on the speed of the circuit under
consideration 'nd the degree of compression or isolation required. The most import?gglb)
parameter to keep in mind is the relative permeability at the operating frequency .
We makec the importaat assumption of working solely with soft magnetic materials or, in
other words, to employ magnetic materials with a very nafigy (low coercive force)
hysteresis loop. As a rough criteria we have 1 <10 A/cm. In this conditiogl8)

(see Fig., 1) we can define at a given freyuency the "relative permeability" as :
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pr;=pr§/p0=(l/p0)ABlﬂ1Hl , (u= unsaturated)
= = /, = §¢ ate
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where u = Iree space permeability= 4 1077
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Fig. 1., Power losses during the switching time for a magnetic material device.
flain losses arise only when the voltage starts to drop down and the current
starts to increase, Ts= switching time, genn:ally<<Tsat.

It s clear that under this approximation overmentioned and illustrated in Fig. 1, a
linearity between B and H is a good approximation and we can employ easier formulas in our
cicuits analysis. It is well known that g is about equal or few times that of air. We
will call i. the following discussion "relative permeability" simply "permeability".

Another point to keep in mind is that although steel alloys have enormous
permeabilities at low frequencies only the best materials have comparable values to those
of high frequency ferrites in the region of 10MHz, and are unusable at frequencies in the
100Mliz, region. Depending on the annealing process the permeabilitv for amorphous metals
ran be as high as as 600,000 for cases of squarc hysteresis loops and can also be made to
have constant permeability values in the region of 5 to 30 thousand up to frequencies near
the 100 KHz. range. Low frequency ferrites generally have constant permeabilities with
values of 1 to 5 thousand up to ) to S5 MHz. High frequency toroids can have constant value
permeabilities of a few hundred at frequencies up to 10 to 20 MHz. and even higher
frequency toroids with constant permeabilities of the order of 40 to 50 at frequencics up
to one to two hundred !liz., The difference between the unsaturated permeability and the
saturated permeability defines the change in inductance when the materials goes into
saturation and, therefore, defines the degree of isolation. The saturating flux, B _,
between the amorphous metals and the ferrites are not very different with the amorphous
metals having values about a factor of three higher. These are from .5 tv 2 Teslas for
amorphous metals and .2 to .5 for ferrites materials., Thus, given a desired final saturated
inductance, the time to reach saturation is controlled by the unsaturated permeability
which controls the leakage current through the inductor and by the nature of{ the B-il curve.
The required amount of material necessary to hold off a given voltage is given by:

rsat Bs(lsat)
A = I
(1/&t) V(t)dt Am dBb w jAm (1)
0 B(t=0)
where V(t) is the voltage across the inductor; Tsat is the time to saturation of the

material;
AB is the total change in flux density and is (2B ) twice the saturation flux d
density if one initially reverse saturates the material,
Nt is the number of turns.

Thus, to reach a desired hold off voltage before saturation of the magnetic material,

both the saturation flux density and the cross-sectiona! area are important parameters.
Arguments using Eqn. (1) are valid when the transition rine between unsaturated and satured
inductance is small compared to the overall resonarce charging time ('I'g ). When this is

not the case, as is sometimes true in fast compression stages and in pu?sc isolation

"
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systems, the details of the saturation process becomes important, We will discuss in the
details of the transition region for different types of materials in a future paper.

The consideration of losses in saturating magnetic materials is a difficult task and
can be very different for the two types of materials under discussion. llysteresis losses,
the integral of Bdil, which tend to be a constant per round trip of the hysteresis loop,
represent a small fraction of the energy transferred through the inductor if the current
through the inductor is many times that necessary to drive the magnetic material to
saturation. This is usually the case for the circunits under consideration.

The other important loss is that due to the resistivity of the material. If we look at
the voltage and current characteristics as a function of time as in Fig. 2, we find that
most of the power loss ta%fﬁ_?%sce when the inductance saturates. In steel alloys where the
resistivity (rulOO'MJLcm) is very low the material must be formed by laminations
with alternating insulating layers to allow voltage build up across the inductor structure.
Due to this very low resistivity huge eddy currents counter the driving current and
necessitate H values at the boundary of the lamination many times that of the saturating l-
field (H_) before a saturating wave launched in the medium travels across {p t§19 S il _of

s, ) ; . Sede 1 T8 & BV &
Egs mggnetlc material and saturates the whole thickness of the.laanatlgn

. kddy current losses in amorphous metals can be a substantial fraction of the storage
energy if care is not used in the design of saturaling inductors.ﬁln fer(}fg materials the
resistivity is rather large and can vary from 50 o as high as 10U .2 cnm. and saturation
of the material medium can be determined purely by the rising local H-field. Losses can be
ca: “‘ated by integration in space and time using the local induced electric field in the
medi m and the resistivity, iflowever, the calculation of the cal electric field is
complicated by the change in the local permittivity as sections of the medium saturates.
There is indication that the permittivity decreases at saturation, In addition, there are
frequency dependencies of the resistivity and permittivity caused by diffgS?Eiss in the
resistivities ?fﬁ??ﬁ%}"g grain sizes in the material at low frequencies : and by a
phase lag loss that becomes important at higher frequencies.

V1P

Voltage

\*Currem

L—k.:j'i

Fig. 2, Solid line: narrow hysteresis loop that allows to make the described approximation,
the linearity between B and i fields.

Single stagec pul-r~ compression

We wish in this section to make the simplest circuit arguments for a one stage pulse
compression circuit. iwe shall then present the first order arguments for the design of the
inductor dimensions and the necessary magnetic material characteristics. Figure 3 gives the
schematic for a single stage pulse compression circuit.

HV.
St
Ly ez
,_4h:fYY\ rjv\ -
L
/“) />
Sy Loy, , [ LG
C, Cs
Fig. 3, Single stage pulse circuit diagram. l.. is only the ground reference for the Cl

charge., L. H. is the load, in particular the %dsﬁr head.
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For one hundred percent energy transfer efficiency C =C,=C3=C. The right part of the
circuit is isolated grom the left by the unsaturated inéucéance of Lzu. For an efficient
charge of C2, L1<<L2 .

In order to make I, much larger than I, L25<<Ll.
For satisfying these gwo inequalities we put:
s u

LI/LZ -L2 /LlrIO (2)

. u_ u 2
Where: tZs;Poprs §t2 :mfim' N 2 A /1 Eg?)

2 “Ho¥r M fp/ta®Po Tt fnltm

With: Nt=number of turns ; Am=magnetic cross-sectional area; 1m=magnetic field path length

So, u Y must be at least equal to 100(1). We remark that the expressions given for (3)
and (3') afe valid wneh soft magnetic materials are employed (narrow B-H loop). Under the
assumption that two parts of the circuit are isolated by the unsaturated inductance,
calling C12=[C1C2/(C1+C }]=C/2, we can write the equation when the switch S1 closes at t=0
for Il(t) with C1 initidally charged to vmax by observation,

1(e)=v__ (C;,/L 1 Psinqu ) (&)

1/2

where w1=(1/L . The voltage across the capacitor CZ’ Vz(t), is then given as:

1€12)
Vz(t)=Vmax(C12/C2)(l—cos(wlt) (5)
Assuming that the current required to saturate L, is small compared to the peak

current through L, after saturation, the voltage acroSs the capacitor C,, V,(t) is
approximately at ground potential and the current through L, before satiiration is simply

written as 2
t
- u [ ' _ ue .
I2 (t)-(l/L2 )XV2 (t')dt _vmax(clz/CZ)L2 [t (1/w1)51n(w1t)] (6)
Q
g ”n : . " (1)
We define the "Pulse compression ratio as:
$=T1/T2 (7)
where T =tt/w i T.=(C,.L,5)/2, € .=C.C./(C,+C.)=C, =C/2
1 1’ "2 2372 ’ 2377273227073 12
It is clear now that T, is the duration of the secondary current pulse of amplitude I
after saturation of L,. Furthermore we immediatly recognize T,=T by definition and from
Eqn(5) V (T1)=V (C,5/C,) or the maximum voltage across the capacitor C,. If losses are
max - .
neglectea and sinusoidal " waveforms are assumed, the law of conservation 6f charge gives:
IlT1=IzT2

and from (7)

. . 2

12/11=(12/Il)(T1/T2)=6 (8)

Thus, for example, a pulse compression ratio of 5 reduces dI/dt in the thyratron by
25. -
Integrating Eqn. (1), (Faraday's law), we obtain the fundamental (1742 (13)(17-20)(25)

NtAm=Vmaszat/ZAB (9)

withaB=2B_ , biased magnetic core near the reverse saturation
AB:BS, unbiased magnetic core

Thus, depending on the resonant charging time in the primary subcircuit, we are able
by means of Eqn.(9) to calculate the cross-sectional area of magnetic material (Am) that we
need in a given circuit. In Eqn. (9) the compression factor defined by Eqn.{(7) does not
appear; by means of Eqns. (3),(3') and (9), and recalling Eqns.(7) and (2) with the
explicit expressions for T‘ and T,, we have the requircd magnetic material volume for a
given single stage pulse compressor, as:

106




2 2 2 2
W= (T apo(1/aBE) (eVE | 72)8 (10)

with: V =A 1 , the magnetic material volume; C,=C,=C,=C, the capacitors.
m T mTm 172773

An application of pulse compression is to allow a very slow charge of the pulse
circuit through a solid state switch instead of a thyratron and, subsequently to obtain a
fast deposition of energy to the discharge. General dI/dt requirement for an excimer laser
is 100KA/100ns. Unfortunately the max}mum dl/dt for a high power solid state switch such as
a thyristor, is about 1KA/ls, thus §7::1000 and consequently by (10), the required volume
and the associated losses become huge.

Multi-stages pulse compression

We have looked at the minimization of magnetic material needed as a function of the
number of stages and we have found that there exists a number where the magnetic material
needed is a minimum.

Figure 4 gives the schematic for a multistages pulse compression circuit:

HV.
c Lrc L1 L2 / Ln
’_“.__r__fYY\ ,tl;\ J\:F\ /// /\:F-L
A
« do e Cs |G Cont LoAG"
\WS LG == - p—
®
1!

/i 1
Fig. 4 Multi-stages pulse circuit diagram. L’C corresponds to L, in Fig. 1, and nay
be high due to the slow current rise-llme in the first stage.

We consider the circuit lossless(lg)(lg), purely inductive and capacitive. For one
hundred percent energy transfer efficiency we put:

C =C2=C3=...Cn+1=C (11)

For such a multi-stage efficient resonant energy transfer system, the condition of
Eqn. (2) generalizes to

1

Lon/L %=L, %/l rlu
L18/L3%=004/118r 10

TTTTEITTSITTR T (12)
We realize a compression factor $§ with n-stages of different compression factor di
d,<§

Moreover, the saturation flux B_ has the same value up to the final highest frequency
(but it is not necessarily the samé material); thus we write

$=7E=l, .,ndi
t 2 2 ) (13)
Vm =z}=1,...,nkidi =E2;=l..ndi
where: t

the total magnetic material volume

\'i =
m 5
ki=£=uo(ﬂm/4)(I/ABZ)(C/Z)Vmax , the same value under our condition for each stage.

We demonstrated that V Y is minimum when d. is the same for each stage.
S L
Thus (13) become:

§=4d"

v
mtankdZonk(g2)1/m w0 (14)




Looking at the minimization of V as a function of the number of stages assuming, as
currently done, n € R, we found that there exists a minimum for n given by the equation:

n=21n(§) (15)

Keeping in mind that n is the number of stages, as a result of (15), we take the first
integer that approximates (15). Generally the smaller number is picked to avoid building
one more stage. As a numerical example we take a compression factor, §=31, (£%-.1000), and
with one stage only:

V e« 1000
m

From (15) we have n=6, thus the total volume needed is from the second of (1l4):
v Y« 19

Thus it is clear that substantial material savings results in going to multi-stage
pulse compressors. The losses associated with increasing number of stages is counter-
balanced by the larger and larger losses of a single stage device as k increases.
In discussing some theoretical aspects of a multi-stages pulse compressor, it may be
convenient to give a first hint for a practical evaluation of the device expense; calling C
the "cost" for a required n-stages magnetic compressor, we have:

c=nt(&2)1/ P 4nk (16)

Where: li= magnetic material cost per stage.

K= capacitors cost per stage.

Minimizing (16) as done in (15), the minimum cost is given by the following equation
for the optimized number of <tages:

n=21n(8)/ (1407 (527 M (7

Where: e = K/II.
It is easy to recognize (15) for K=0.

Pre-pulse isolation circuit

Similarly, as done for obtaining equations (4), (5), and (6), we can write the equations
for the pre-pulse isolation circuit given in Fig. 5.

HV.

Cs Lg Vmax Vi L Vg Cp VpmMax HV.

H \ \ﬁj;\ \ 11} \ AAA-o
LH.
Sc ¢ S

LG

N

(

Fig. 5, General pre-pulse circuit diagram. On the left hand part to respect L: main
storage energy subcircuit, generally set at low voltage. On the right hand part to
respect L: pre~pulse subcircuit or "spiker".

The conditions here are that C is slowly charged to potential V so that both V. and
V are at this potential. The storage capacitor of the pre-pulse circuit C_ (C <<C) is
cllarged to V and is some factor of 4 higher than V . With the circuilb vo?tages set at

these values?m fie pre-pulse switch is closed. L acts a%33 high impedance barrier until the
laser gap breaks down, In this process L is driven in the reverse direction and if driven
to reverse saturation some of Lhe energy in the pre-pulse will he dumped into the main
capacitor C, It is seen that there will be a substantial delay after the laser gas
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breakdown because the inductance L has becn driven in the negative direction. The time
delay is the time necessary to drive the inductance l. to saturation in the forward
direction. Assuming that L  successfully isolates the left part of the circuit, then we can
write the voltage across the laser (Vg) as:

Vo(t)=V__ _+[(V

max pmax_vmax)(cp/(cp+cg))][I‘COS(Wpt)] (18)

= laser head capacitorsl/2
B 1/{(L_(C_C_/(C_+C ))]
g: laserphegdgandpprg-pulse inductance

The current flowing through the inductor I. is governed by the large unsaturated
inductance (L ). We treat V_as a time varving voltapce cource in calculating the current
through the iasductor L oun thle left hand part of the circuit. The capacitor C is a very
large capacitor compared to the capacitor in the pre~pulse circuit (C ) and thus
effectively acts as a short. The current flow in the left hand part of the circuit then is
written as:

8
with: C
w
L

t
__ u 1y "
Ip(t)- (1/L7) I [Vg(t )-Vioaxldt
0
== (V
We want to make sure that the magnetic core of L does not go into reverse saturation
until V =V . Otherwise, some of the energy in the pre-pulse will be dumped into the

capacit%r 87354 may adversely affect the breakdown of the laser gas. From Eqn. (18) we see
that ng is reached in time,

pmax~Vmax) /L VC/(C+C ) L Emsin(u ) /w ] (19)

ax
T=f/wp (20)
The voltage ngax is given by,
ngax=Vmax+2[meax—Vmax][Cp/(Cp+Cg)] (21)

The current at T in the left hand part of the circuit is then,

u
Ip(t)=-f[(V )/L wp][Cp/(Cp+Cg)] (22)

-V
pmax max
The saturating inductance should be designed such that the inductance does not go into
reverse saturation when the current reaches I(T). Further, the pre-pulse should be set so
that gas breakdown in the laser medium is near V . After breakdown of the discharge the
laser gap becomes a low impedence source and powg¥a§egins to flow from the main storage
capacitor, C, at time t=T. The current I is given as:

I(t)=(Vmax/Luw)sin{w(t—T)] (23)
with w=1/(LuC)1/2.

Conclusions and Considerations

In both the pulse compression circuit and the pulse isolation circuit discussed above,
the initial function of the saturating inductor is to hold off a certain voltage. In pulse
compression L must not saturate until V., reaches maximum voltage, V (Cc.,/C,), and,

A . . - . . A max
similarly, in“the pulse isolation circuit”L must remain unsaturated uhetl réaches V
as given in Eqn. (21)., Equation (1) is a convenient form of the Faraday's 18w that shogTd*
easily allow us to calculate the desired arera A_ for a given material with saturation flux
characteristics of B. In pulse compression where the pulse compression ratio is large,
that is, when the charging time is long compared to the saturation time, the integration
over t to T is easily determined since T is simply the time for V, to reach maximum
voltage. llowever, when very fast voltage riggEimes are desired as in thé last stage of a
pulse compressor chain (multi-stage pulse compressor), the pulse compression ratio must be
very small because, for examle, at 20MHz, ferrites with unsaturated p Y oof only a couple of
hundreds are available, Thus, the best that can be achieved arc compreéssion ratios of the
order of 3, Under these conditions the exact time for T becomes ambiguous. In the case
of pulse compression we nced to make sure that the indug%gr completely saturates before V,
reaches maximum voltage, so that the stored energy in C, can be transferred more rapidly fo
the load or the next pulse compression stage. If this is rnot done the partially saturated
core will transfer energy initially at slower rater until the current through the core
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reaches levels to completely saturate the core. The trade-off is between saturating the
core slightly before C, reaches maximum voltage resulting in decreased energy transfer or
saturating the core affer C, reaches maximum voltage resulting in increased energy transfer
time. Although this choice Is relatively unimportant when the compression ratio is large,
it is very important when the ratio is only of the order of 3, Our preference for low
compression ratio situations is to sacrifice the amount of energy transferred rather than
the increased time delay.

For pulse isolation circuits we want the core as small as possible but at the same
time successfully isolate the pre-pulse from the main energy storage circuit. Further, we
do not want any of the core to reach reverse saturation during the rise of the pre-pulse
voltage across the discharge gap as this may result in possible dumping of the energy in
the pre-pulse into the main storage capacitors, Since the voltage risetime of the pre-pulse
is generally made as fast as possible, it is necessary to use fast ferrites which have
unsaturated permeabilities of only a few hundred.

In conlusion we described the important parameters of magnetic materials for a proper
choice in pulse compression and in pulse isolation systems. We gave the explicit expression
for the magnetic material volume needed in a single stage pulse compressor and we obtained
a relation for the minimum magnetic material volume needed in a multi-stages pulse
compressor, We have given, also, the explicit expression for the current in pulse isolation
systems.,

However, we have not discussed in detail the approximation to Faraday's law when the
time to saturation is comparable to the saturation time T ; we have not given the
explicit calculation of the change in permittivity for satifated and unsaturated material
that is important in calculation of resistivity loss in ferrite materials. Furthermore we
have not discussed changes in resistivity as a function of frequency.

Acknowledaments

This work was carried and supported at the "Universite d'Aix-Marseille II", "Institute
de Mecanique des Fluides", "Equipe Noveaux Laser", 1, Rue lionnorat, 13003 Marseille,
France.

One of the author (i, V. ), wishes to thank Dr. R. Salimbeni, Dr. P. Mazzinghi, Dr. M.
ilatera and Dr., L. Fini, of his Institute, for some fruitful discussions during the first
period of the study. We appreciated the hospitality at the "Equipe Noveaux Laser", in
particular Professor B, Fontaine and Professor B. Forestier, for having given fundamental
papers and materials.

References

. I. Smilanski, S. R. Byron, and T. R. Burkes, Appl. Phys. Lett. 40, 547, (1982)

2. R.C. Sze, SPIE,V01.701 1986 Luropean Conference on Optics, Optical Systems and
Applications (ECOOSA '86),p.105 (Florence 1986)

. T. Shimada, K. Noda, . Obara, and K. Midorikawa,Jap. J. Appl. Phys. 24, L8535, (1985).

. T. Shimada, M, Obara, A. Noguchi, Rev. Sci. Instrum. 56, 2018, (1985)

. C. . Fisher, 4., J. Kushner, T. E. DeHart, J. P. McDaniel, R, A, Petr, and J. J. Ewing,
Appl. Phys. Lett, 48, 1574, (1986)

6. W. i, Long,Jr., 1. J, Plummer, and E. A, Stappaerts, Appl. Phys. Lett. 43, 735, (1983)

7. R. S, Taylor, and K. E. Leopold, Appl. Phys. Lett. 46, 335, (1983)

8. R. S, Tayler, and K. E. Leopold, Appl. Phys. Lett. 47, 81, (1985)

9. T. J. Pacala, I. S, MacDermid, and J. B. Laudenslager, Appl. Phys. Lett. 44, 658, (1982)

10, S. Watanabe, M, Watanabe, and A. Endoh, Rev. Sci. Instrum. 57, 2970, (1986)

11, R. R. Butcher, and T. S. Fahlen, presented at the CLEO 84, Conference on Lasers and
Electro-Optics, Anaheim, CA (1984), paper THP1

12, D. F. Crosjean, Air Force Wright Aeronautical Laboratories, AFWAL-TR-84-2074, (1985)

13, D. Basting, K. Hohla, E. Albers, [I. v. Bergmann, Laser & Optoelektronik 2, 128, (1984)

14, Data sheets of ALLIED CORPORATION Metglass Products Department, (1981)

15, Data sheets of VACUUMSCMELZE GHMBH "Vitrovac" Amorphous letals, (1983)

16. The VACUUMSCHMELZL Handbook: "Soft Magnetic Materials", R. Boll ed. (Siemens
Aktiengesellschaft, Heyden & Son Ltd, London,1978), pp. 13-123

17. 1. J. Baker, and Seddon, J. Phys. E: Sci. Tnstrum. 19, 149, (1986)

18, ¥, S. Melville, Proc. IEE 98, 185, (1951)

19, W, C. Nunnally, Los Alamos National Laboratory Report Ho. LA-8862-MS, (1981)

20. D, L. Birx, E. J. Lauer, L. L. Reginato, J. Schmidt, and M. Smith, Lawrence Livermore
National Laboratories, UCID-18831, (1980)

21, C. G. Koops, Phys. Rev. 83, 121, (1951)

22, J. E. L. Bishop, and P, Williams, J. Phys. D: Appl. Phys. 10, 225, (1977)

23. S. ll. Charap, J. Appl. Phys. 50, 7701, (1979)

24, C. H. Smith, IEEE Trans. Nucl. Sci. N5-30, 2918, (1983)

25. D. L. Birx, E., J. Lauer, L. L. Reginato, D. Rogers,Jr., !l. W. Smith, and T. Zinmerman,
Proceedings 3rd IEEE International Pulsed Power Conference, Albuquerque, NH, (1981),
pp. 262-267
110




Temperature Dependence of Spectra and Efficiency for an
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Abstract

An analysis is made of the lasing efficiency and spin-split spectra of the
XeF(B~X) system as observed in an e-beam pumped laser. The intricate rotational and
vibratioral structure in the 351-nm and 353-nm lasing emission is investigated in an
attempt to gain insight into the processes responsible for the spectral features of this
lager.

Introduction

Since the first demonstrati?n of improved performance of e-beam pumped XeF laser
operation at elevated temperature” there has been considerable interest in trying to
understand mechanisms cesponsible for this performance improvement. At room
temperature, laser power is emitted predominantly in the 353 nm band on XeF(B,v'=0) —-—
XeF(X,v"=3) transitionsg. As the temperature is increased, the 351-nm band increases in
intensity. This band includes both (B,v'=1) -- (X,v"=4) and (B,V'=0) -—(X,v"=2)
transitions.

Several suggestionslhave been advanced to explain the improved performance at high
temperature. Hsia et al.  attributed the improved energy extraction to a combination
of increased vibrational relaxation within the B state and increased digsociative rate
of the weakly bound X state. Subsequent cxperiments by Champagne et al” indicated
that a decrease in narrowband absorption with increasing temperature in the
351-nm band region might also contribute to improved energy extraction.

The objective of our experimental program was to obtain lasing spectra and
efficiency from 300 K to 450 K under consistent and reproducible conditions. To this
end, the electron beam parameters were hneld constant and the laser medium density was
kept at 3 Amagats to ensure the same pump rate at all temperatures.

Experimental Apparatus

The experimental apparatus used for the measurements is the Rocketdyne
electron~-beam excimer laser (REBEL) system. The electron gun is driven Ey a three-stage
Marx bank which yields current densities at the anode foil of 10~-12 A/cm®. Typical
operating parameters of the electron-becam driver are a 270-390-kV voltage with a
0.25-1.0- . g pulse length. The laser chamber consists of a Monel box 114 cm long with a
10- x 10~cm™ clear aperture along the lasing axis. This chamber is separated from the
high-vacuum electron-gun chamber by a titanium alloy foil mounted on a hibachi frame.

An interior shroud gf nickel-plated copper limits the volume pumped by the electron beam
to 100 x 10 x 10 c¢cm”, and an 800-Gauss magnetic field is employed to improve the

pumping uniformity of the gas. The laser chamber has been operated at pressures up to 5
atm at 450 K. The experimental results reported in the present paper were obtained
ugsing a Ne buffer gas at a density of 3 Amagats, a pulse length of 1 :sec and gas mix of
Ne/Xe/NF_, = 99.425/0.5/0.075. For the gas volume corresponding to the aperture %ver
which lader energy is extracted, the average pump rate is approximately 90 kW/cm” as
estimated by the standard technique of measuring the gas cell pressure rise in
conjunction with 3-D Monte Carlo electron-beam energy deposition calculations.

A flat/flat resonator with 100/50% reflectivities was employed in all the prescnt
gtudies. For this resonator the threshold gain is approximately 0.35%/cm, which
ensures, at the above operating conditions, that the data were obtained well above
threshold with the medium well saturated. Lasing was restricted to a uniformly pumped
volume within the REBEL cavity by using 4-cm diameter mirrors. High-resgolution,
approximately 0.05 A, spectra were recorded on film using a 1-m monochromator with a
1200~1line/mm grating in fourth order. Both bands were simultaneously recorded.
Additionally, spectral data were simultaneously recorded with an optical multichannel
analyzer (OMA 2 gystem, EG&G Princeton Applied Research). The detector head was wounted
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on a 0.3-m monochromator operated in second order with a 2400-line/mm grating. To
monitor the consistency of the lasing operation, voltage and current waveforms were
recorded on each shot, and the temporal profiles of the 353- and 351-nm lines were
monitored using appropriately filtered vacuum photodiodes. The laser output energy was
measured with a volume absorbing calorimeter. A schematic of the apparatus is shown in
Figure 1.

Results

High resolution film spectra were taken at several tcmperatures between 300°K and
450°K, these are presented in Figures 2 through 5. It may be noted that at 300°K the
lasing emission occurs predominately in the 353-nm band. Only a weak lasing spike
appears in the 351-nm band at 300°K. As the temperature increases to 350°K a second
spike appears. Increasing the temperature even further to 450°K shows the spikes
growing and some structure appearing between the spikes. The relative energy in the
351-nm and 353-nm band could be inferred from OMA data and corroborated by the wavefornms
recorded with the appropriately filtered photodiodes. This data is presented in Figure
6, as lasing e{ficiency versus temperature. These results are in agreement with those
of Hsia et al. , in that the 351-nm emission increases dramatically with temperature.
The lasing efficiency of the XeF laser improves markedly because the energy in the
351-nm band increases while that in the 353-nm band remains virtually unchanged.

Some general qualitative observations may be noted. The structure and efficiency
of the 353-nm band at 450°K are very similar to those at room temperature. In contrast
the 351-nm spectrum is different in character from that of the 353-nm spectrum. At
elevated temperature the 351-nm spectrum is dominated by two strong spikes with some
structure between them. The 351-nm band also changes markedly with temperature growing
from a single spike at 300°K to two intense spikes with structure at T >, 400°K.

Discussion

Potential energy curves of the molecular states important to the XeF laser are
ghown in Figure 7. The 353-nm band emission comes primarily from the XeF(B,v'=0) --
XeF(B,v"=3) transition whereas the 351-nm band is composed of radiation from the
XeF(B,v'=1) — XeF(X,v"=4) and XeF(B,v'=0) —+ XeF(X,v"=2) transitions. Each
vibrational transition has four rotational branches: Pe, R, Pa., and Rf,owhere
e and f represent spin "up" and "down", respectively,; fof thg L=y
transitions.

A. 353-nm Emission

The 353-nm band is considered first. A typical high resolution lasing spectrum is
shown in Figure 8. The experimental gpectra consistently showed modulations and peaks
whose positions were reproducible, independent of gas mixture, temperature and resonator
configuration. Thg modulations were also gbsevved in previous experiments with an
ungtable resonator-. Tellinghuisen et al,’  have attributed these modulations to the
effects of cooperative lasing on the overlapped rotational lines of the 0~3 band and the
very high-J lines of the 0-2 band. An alternative mechansim for the modulations is
absorption due to rotational transitions in 1ljght diatomic molecules. It was recently
suggested that excited-state absorption of N is significant in thg 353-nm lasing
band when a substantial amount of N is adged to the gas mixture. Another
possible mechanism for these modulations will be considered below.

The small~signal spectrum of the 0-3 band computed using the REXKAL c0d66’7
shown in Figure 9. The spectrogcgp@c constants used in this calculation are those
reported by Tellinghuisen et al *™? 131The four branches, Re’ Ra, Pe, and P
and the corresponding bandheads for XeF are shown in Figlire EO. There age very
small wavelength shifts and a slight broadening of the transitions due to the multitude
of naturally occurring isotopes of xenon. The calculated small-ség?al gain in Figure 9
includes these pressure broadening and isotopic blending effects, '’ which are
ingufficient tc completely smooth the structure of the gain spectrum,

is

The 1-.s time integrated high-resolution spectrum displayed in Figure 8 shows
several clusters of rotational lines and suggests rotationally inhomogeneous laser
extraction. This type of broadlSOmplex spectral structure has also been observed in
short-pulse (~50ns) experiments at moderate to high spectral Pi§olution.

Furthermore, low spectral resolution (~1A) gated-OMA experiments have shown that the
broad emigsion in our experiments occurs even during 100-ns time windows. From these
obgservations we conclude that the inhomogencous lasing seen in Figure 8 is
representative of the spectra for much shorter time intervals, less than tens of
nanngeconds, and an indication of restricted XePF rotational relaxation. This conclusion
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is further corroborated by the recently reported spectral sweep obscrved in XeP.lg
In addition, a comparison of the structure in the experimental laser spectrum of
Figure 8 with the structure of the theoretical small-signal gain spectrum of PFigure 9
shows that the moderate undulations in the small-signal gain spectrum appear to be
accentuated in the laser spectrum. This accentuation, if not caused by absorption or
cooperative lasing on high-J (0-2) lines, could be interpreted as due to wavelengths
with slightly higher gain accessing neighboring rotational states to some extent but not
enough to lead to truly rotationally homogeneous narrowband emission. The energy stored
in XeF resides in a multitude of rotational states which must be collisionally coupled
on time scales that are short compared to the stimulated emission rate for narrowband
emission. Thus the appearance of several clugters (or even a broad smooth distribution)
of rotational lines lasing relatively independently suggests that the rotational
relaxation rates may be too slow in the B and/or X states to allow narrowband lasing.
This h{QoEBesis is supported not only by the recently reported spectral sweep observed
in XeF™7? but also the well-known difficulty in achieving | icient
injection-locking when the small-signal gain >> threshold gaiu.

Another observed feature of the spectrum may be plausibly explained
by examining the relative positions of the rotational bandheads in the 353 nm band.
Although lasing is observed at 3531.6A, which is the R, bandhead, it is consistently
much weaker than that observed at 3531.8A, which is thg R bandhead. Both bandheads
originate from the lower rotational levels of the XeF(B,ve=0) manifold. While the
computed small-signal gain indicates that the gain is only slightly larger at the R
bandhead, lasing on the R, bandhead is significantly suppressed. As shown in Figur
10 the low-J R, bandhead gt 3531.68 is located at the Far left of the rotational
structure and goes not overlap spectrally with the other branches, while the R
bandhead near 3531.8A overlaps with the P_, P., and R. branches of the 0-3 band.
Thus lasing at 3531.8% (R_ bandhead) optiga11§ accessgs XeF molecules in both the e
and f spin states, wherea8 lasing at 3531.6& (R, bandhead) does not optically access
both spin states. Since the e and f spin stateg are optically coupled at the R
wavelength but not at the R, wavelength, saturation at the R_ bandhead at 3531.8R is
expected to be more efficient than at the R, bandhead at 353?.6A and may in turn
suppress R, lasing. Collisional spin relaxation between the ¢ and f bhranches
could also cause depletion of the f 1levels when the R_ bandhead begins to lase.
This tends to reduce the gain of the R, bandhead. Howe%er, the rates for collisional
gpin relaxation are expectd to be much slower than spin conserved rotational relaxation
and, as will be noted below, the laser spectrum at 351 nm tends to imply slow
collisional spin relaxation.

B. 351-nm Emission

The 351-nm emission includes rotational transitions of both the (B,v'=1) —
(X,v"=4) and (B,v'=0)-—(X,v"=2) bands of XeF. A typical high-resolution spectrum of
the 351-nm lasing emission obtained with the REBEL laser at elevated temperature is
ghown in Figure 11, A REXKAL small-signal gain spectrum is shown in Figure 12, while in
Figure 13 are shown the corresponding 1-4 and 0-2 rotational branches and bandheads
which can be correlated with the peaks of Figures 11 and 12. A very striking feature of
the REBEL laser spectrum is the lack of significant lasing at 3510.5 and 3510.9&, where
the predicted small-signal gain is large.

The lack of significant lasing in our data at 3510.5 and 3510.98 compared to what
might be expected on the basis of the small-signal gain calculation may be understood by
reference to Figure 13. The lower levels at these wavelengths are centered at a
rotational quantum number of 15 for the R, branch and 5 for the R_ branch. Since
these rotational states are relatively fag from the dissociation Yimit, during
long~pulse lasing a population will build up in these states and lasing action at these
two wavelengths will he affected by lower-level bottlenecking. Then lasing might shift
to other sgpectral regions able to sustain gain during saturated extraction (e.g., high T
bandheads, see below).

Some insight into other possible mechanisms for the suppression of lasing at thesec
wavelengths can be seen by referring to the energy level diagrams of Figures 14 and 15.
Strong lasing in the 0-3 band at 3531.8 -~ 3533.0A can decrease the gain on the low-J
R_ and R, bandheads of the 1-% band by two related mechanisms. First, the 0-3
ldsing emission originates from the rotational states of the v'= 0 level for J values
up to 30, as shown in Figures 8 and 10. Due to the finite rate of rotational
relaxation, 1asing tends to depopulate the molecules with J above, but near T ~30, more
than those above, but fae from J~30. Rotational states in the vicinity of J~U45 of
the v'=0 1level, which are depleted by stimulated emission, are expected to be rapidly
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replenished by the effici??t1gibrationa1—rotationa1 (V-R) energy transfer from J = 1
-15 of the v'=1 1level. '’ This transfer will be especially rapid for the low
rotational states of the v'=1l 1level due to the high density of states and their near
resonance with the v'=0 rotational states. Consequently the low-lying rotational
states of the v'=1l 1level are indirectly depleted by V-R transfer associated with 0-3
lasing, which in turn reduces the gain at the low-J R, and R_ bandheads of the 1-}

band. This cascading process is illustratred in Figuge 14, eSecond, a reverse effect
would occur in the XeF(X) state. The 0-~3 lasing fills the rotational states up
through J~30 of the v"=3 1level. The V-R relaxation in the XeF gystem is expected
to be somewhat slower than in the HF system due to its larger reduced mass. However,
because of the small energy defects of these rotational states and the low-lying
rotational states of the v"=4 1level, near-resonant V-R energy transfer between them
would be efficient, as indicated schematically in Figure 15. This V-R relaxation will
tend to overpopulate the low-lying rotational states of the v"=4 1level and decrease
the gain on the corresponding 1-4 transitions. Thus 0-3 lasing can decrease the gain on
the low J transitions of the 1-4 band by a combination of two effects: depletion of the
upper lasing level low-lying rotational populations and a corresponding buildup of the
lower lasing level low-lying rotational population. The combination of these two
procesges is believed to be largely responsible for the absence of lasing at 3510.5 and
3510.98 when the 0-3 band lases for the conditions of the present experiments.

In contrast, Figure 11 demonstrates intense, relatively narrow-band, lasing at
3511.24 and 3512.6A. Reference to Figure 13 shows clearly that these peaks strongly
correlate with the high-J (i.e., J~50) R and R rotational bandheads,
respectively, of the 1-4 band. Although ghese higﬁ—J rotational transitions are
relatively unaffected by the V-R energy transfer process associated with the 0-3 lasing
discussed above, vibrational-translational (V-T) energy transfer will never-the-less
tend to populate the v"=4 level. Lasing (1-4) transitions with J_3 52 arglgnbound and
should have ground states lifetimes of order of a vibrational period, < 10 s The
1-4 lasing transitins between 40<J <50 terminatglon rotational resonances which are
bound only by a small rotational barrvier (<100cm ~) 1in the effective ground-state
potential, ovr, alternatively viewed, terminatg gn bound levels within about +kT/2 of
the dissociation 1limit. Tellinghuisen et al, '~ have noted that the rotational
regonances lying above the dissociation limit can predissociate. More importantly,
molecules near the dissociation limit can dissociate quite rapidly via collisions at
high density. Collision-induced dissociation rates gv molecules whose energieglape in
the ragge SD + kT/2) were calculated by Yang et al, ” to be of the order of 10
to 10 cm”/§ At laser medium densities of 3-4 Amagat, these rates correspond to
ground-state lifetimes of 0.01-0.1 ns. Regardless of the predissociation rates fgs
v"=4, 40<J <50, levels (very sensitive to the details of the effective potential
and J), the collisional dissociation rates appear to be sufficiently fast to ameliorate
bottlenecking.

Since the high~J rotational states of the v"=4 1level can dissociate efficiently,
the effective ground-state lifetime for these high-J levels is much shorter than the
low-J v"=4 1levels or most levels of v"=2 or 3, and lasing at 3511.2& might be
expected to be more efficient than at other wavelengths. Similarly, the lasing at
3512.6A, which correlates strongly with the 1-4 high-J R_ bandhead, presumably should
be enhanced by reduced bottlenecking in the lower levels, However, from Figure 13, it
is clear that the 1-4 R-branch high-J bandheads are optically coupled with the gain (or
loss) associated with other low- to intermedjate-J 1-4 branches. And furthermore,
lasing at the 1-4 high-J R_ bandhead (3512.6A) also couples to the net gain (or loss)
asgsociated with several 0-2 transitions at J-valueg between 10 and 25. On the other
hand, lasing at the 1-4 high-J R_. bandhead (3511.2A) does not access any 0-2
transitions. The low-J spectral components at the high-J (1-4) bandheads may affect the
extraction efficiency to varying degrees at the e and f 1lines at different
temperatures.

The coupling to 0-2 transitions at 3512.6A is probably the reason for the absence
of emigsion there at 300 K (see Figure 2). The reason for rather low energy at l:he3
3511.25 bandhead is discussed below. 1In these experiments at approximately 90kW/cm”,
the 300°K lasing at 3511.2% occurred at a low level thvoug?out the 1 :.sec pulse in
contrast to the behavior observation at higher pump rate.” The temporal dependence
of the 351-nm emigsion and the 353/351 energy ratio appear to be very sensitive to pump
rate and small signal to threshold gain ratio. The narrowness of EBe spin-split 351-nm
peaks 18 attributed to fast rotational relaxation in the B state in conjunction
with rapid X state dissociation for at leagt the high-J component. The persistence of
lasing at both e and ¢ hégh—J bandheads manifests a spin inhomogeneity due to slow
collisional spin relaxation.
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C. Discussion of Improved Efficiency at Higher Temperature

As was seen in Figure 6, the improved efficiency of the XeF laser at elevated
temperature results from an increase in energy in the 351-nm band. 1In particular, the
growth of the two narrow spikes at 351.12-nm{:,) and 351.26-nm(: ,) account for most
of the increase with some weak emission occurring between the spikes. As was noted
above, the emission at 351.12-nm is due to pure v'=1l — v"=4 transitions, primarily
many overlapping lines of the high-J bandhead of the R branch. The 351.26~nm
emission is due to a combination of the high-J R bandhgad of the 1-% transition,
other low-J (1-4) components, and overlapping lifies (10< J ©25) of the 0-~2 transition.

1. \1 = 351.12~-nm

The overlapping high-J 1-4 transitions, which terminate on rotational resonances
in the X state and account for about 60% of the calculated small-signal gain, are
expected to dominate the energy extraction at *,. Though lasing at couples
weakly to some low-J (1-4) transitions there is no coupling to the mor% highly bound 0-2
transitions. Therefore, it seems unlikely that the dramatic increase in
elevated-temperature energy extraction at X can be completely attributed to
decreased bottlenecking in the X state. Rather, it appears that shifts in the B
state vibrational and rotational populations, and faster V-R, V-T, and R-T rates play an
important role.

As temperature increases, the vibrational population of XeF(B,v'=1l) tends to
increase due to enhanced vibrational Boltzmann factors for the B state population and,
perhaps, an increased B/C population ratio. Because the rotational levels of the XeF(B)
state are closely spaced, there is also a significant shift to higher J as the
temperatue increases and the rotational population increases for high-J. These effects
tend to increase the upper level populations available for lasing at +,. The small
signal gain at 4 is, therefore, expected to increase somewhat as the temperature is
increased simply éue to population shifts in the B state.

This effect may at least partially explain the increase of small signal net gain
with temperatgre seen in earlier experiments by Champagne using an argon-ion laser probe
at 351.11-nm. In those studies, a strong absorption at room temperature in pure Ne
plasmas was seen. However, addition of NF or Xe to the Ne dramatically
decreased this absorption. A further veducéion in absorption in Ne/Xe and Ne/NF‘3
binary mixtures at 351.11-nm was observed as the temperalture was increased to 150 C7 As
noted above , substagtial increases in small signal net gain in mixtures of
Ne/Xe/NF was noted”. However, the magnitude of the increased gain appearea
greater ghan could bYe explained due to decreased background absorption alone. The
combined effect on background absorption at 351-nm of the addition of both Xe and
NP to Ne has not been determined experimentally. Since the addition of either
spécie alone to Ne was seen to drastically decrease background absorption even at room
temperature, one might expect that the addition of both species together would reduce
absorption more than either alone.

Extensive modeling by Finn et a1,23 and Yang et a1,6’7 has revealed that the
onlyg specie that decreases sgignificantly when Xe or NF3 is added to Ne is
Ne, . Chagpagne*attributes the narrowband absorption to~excited atom
abgonption , Ne . 1In either case23the most probable candidate absorber is expected
to be related to neon. Finn et al and Yang et al~ both predict that the broadband
abgorption in laser mixtures at 351.11-nm is relatively low (gain/loss - 10) at room
temperature. Further modest reduction at elevated temperature would not greatly
increase net gain or lasing efficiency.

In an attempt to clarify the situation, e-beam pumping of Ar/Xe/NF., mixtures
was cacried out to gsee if 351-nm band lasing could be observed at room teﬂperature.
Since no neon was present and there are no known argon or argon-related narrowband
absorbers at 351-nm, there should have been no strong selective absorber to inhibit
351-nm lasing. No significant lasing at 351-nm was observed. TIn fact, the energy
ratio E(351-nm)/E(353-nm) appeared even smaller in argon than neon,

Therefore, we conclude that the increase in small signal net gain at
observed with increasing temperature is due primarily to a real increase in g&in due to
population shifts rather than to a significant decrease in background absorption. The
increased small-~signal gain at *., with a corrresponding increasc in v'=1
production rate due to fagster V-T, R-T, and V-R relaxation in the B state,
supports more efficient extraction by increasing the e¢ffective gain to loss ratio and
saturation intensity.
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2. A? = 351.26 nm

The narrowband lasing emission at 351.26 nm is even more complex. Both high-J
transitions of the (1-4) R bandhead, (1-4) P_ (18~ J <27) 1lines and
overlapping 0 - 2(10<J <28) 1lines are contribiting.

The high-J 1-4 transitions are to lower weakly bound states (as at :.) and
should not be significantly affected by bottlenecking at any temperature. However, the
gain would be enhanced at high temperature by a population shift in the upper states
analogous to that described at A4,. The 0-2 transitions at X2 do go to more
strongly bound lower states, theref%re, a global increase in the” XeF(X) dissociation
rate wlith temperature would decrease bottlenecking and improve lasing for this component
of .

2

Thus at X several mechanisms appear to improve energy extraction as the
temperature is P%ised. B- and C- state population shifts and enhanced V-T/V-R/R-T
relaxation improve the 1-4 lasing component. Additionally, a global ground state
dissociation rate increase improves bound low-J (1-4) and (0-2) 1lasing contributions.

In view of the substantial differences in low-J gain (or loss) contributions
at 2 and % ,, it is not obvious that the energy pactitioning between
and X should %e about equal as appears to be qualitatively inferred by th% film
spectr% of PFigures 3~5. Only minor differences in the film spectra peak heights were
observed with factor of two changes in relative Xe and/or NF concentration. Due
to the difficulty in interpreting film spectra, we are Peluctané to draw conclusions
about Lthe relative importance of ground state dissociation versus upper state effects
with respect to enhanced 351-nm emission at elevated temperature.

Summary

A correlation between the experimental lasing spectra, the theoretical
small-signal gain, and the rotational branch structure of XeF has been described. The
absence of lasing at the low-J spin-split bandheads of the XeF(B,v'=1) to
XeF(X,v"=4) rovibronic transitions can be explained by near-recsonant V-R energy
transfer associated with lasing at 353-nm on the XeF(B,v'=0) to XeF(X,v"=3)
transitions. Strong narrowband lasing on the highszJ spin-split bardheads of
XeF(B,v'=1) to XeF(X,v"=4) at 3511.2 and 3512.6A is attributed to rapid collisional
dissociation of the high-J lower laser levels near the dissociation limit and rapid
rotational relaxation in the XeF(B) state. Comparable lasjng intensities at the two
high-J (1-4) R and R spin bandheads (3511.2 and 3512.6A) manifest a clear spin
inhomogeneity gnd appea?s to indicate relatively slow collisional spin mixing rates for
the XeF(B) state. The collisional spin mixing rate may affect the ability to obtain
efficient single narrow-~line lasing in the 351-nm band. The essential absence of lasing
at the low-J R bandhead of the XeF(B,v'=0) to XeF(X,v"=3) transition is likely
due to optical coupling at similar and low-J of the two spin states for the (0-3)
transition, a mechanism which seems much less effective in the high-J (1-4) case due to
a large J difference between Re and Rf at 3511.2&.

The improved efficiency of the XeF laser at elevated temperature results from
increased energy in the 351-nm band. This behavior was not found to2ge very sensitive
to mix variations of a factor of two in Xe and NF concentration. The
enhancement results from upper state population shigts and faster relaxation rates as
well as faster ground state relaxation for low-J components of gain (or loss) at the
observed wavelengths of strong emission.
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Spectral Sweep in an Electron Beam Pumped XeF Laser

D. G. Harris, D. H. Burde, R. J. Malins,*
and J. H. Tillotson¥**

Rockwell International-Rocketdvne Division
Canoga Park, California 91304

Abstract

) A s?ectral sweep in the 353 nm band of an electron beam pumped XeF laser has been
investigated. The time-integrated lasing spectra broadens as the pulse length, electron

zgam pump rate, and intracavity flux are increased. Several possible explanations are
iscussed. )

The XeF laser is an efficient source of near-ultraviolet (UV) radiation (Ref. 1,2).
However, many proposed anplications require a spectral linewidth that is considerably
narrower than that obtained from a free-running laser. Injection-locking has been
demonstrated to be a practical technique for controlling the linewidth of high power
lasers (Ref. 3). The efficiency with which this technique can extract energy in a narrow
bandwidth depends on the vibrational and rotational relaxation rates relative to the stim-
ulated emission rate. Unfortunately, there is little information available about the
rotational relaxation rates of the low lying vibrational levels of the XeF(B) electronic
state that are of imnortance to laser action. We have attempnted to gain some insight into
the degree of inhomogeneous broadening of an electron beam pumped XeF laser by investiga-
ting the spectral evolution of the 353 nm band of the lasing radiation.

These experiments were nerformed using an electron beam numped XeF laser at the
Rocketdyne Experimental Laser Laboratory. This device is a versatile research tool having
a variable pulse length (0.25 to 1.0 microsecond) and adjustable electron gun voltage
(270 to 390 kV). The electron gun is driven by a three-stage Marx bank and yields currents
at the anode foil of approximately 10 amp/cmZ. The laser chamber consists of a monel box
114 cm long with a 10 x 10 cm?2 clear aperture along the lasing axis. This chamber is
separated from the high vacuum electron gun chamber by a Ti alloy foil mounted on a hibachi
frame. An interior shroud of Ni-plated copper limits the volume pumped by the electron
beam to 100 x 10 x 10 cm. An 800-Gauss magnetic guide field is employed to improve pumping
uniformity of the gas. The laser was onerated at room temperature with a mixture of
NF3/Xe/Ne in the ratio of 2/6/2600 at a total pressure of 3.4 atm.

A schematic of the experimental apparatus is shown in Figure 1. The principal diagnos-
tic instrument for these experiments was the optical multichannel analyzer (OMA 2 System,
EG&G Princeton Applied Research). With this instrumenc, we were able to obtain data on
the 353 nm band of XeF as either a 50ns time slice of the lasing spectrum or a time
integrated spectrum of the full lasing pulse. The detector head was mounted on a 0.3 meter
monochromator operated in second order with a 2400 1/mm grating. High resolution, time-
integrated spectra were simultaneously obtained on Polaroid type 55 positive/negative film
using a l-meter monochromator with a 1200 1/mm grating used in fourth order. These spec-
tra also showed weak lasing on the 351lnm band of XeF. To monitor the consistency of the
lasing operation, voltage and current waveforms of the electron gun were obtained on each
shot. In addition, the temnoral profiles of the 353 and 351lnm bands were monitored
using appropriately filtered vacuum photodiodes. The voltage, current, and photodiode
waveforms were displayed on high speed oscilloscopes. The lasing energy was measured with
a volume absorbing calorimeter. The energy deposited by the electron beam was determined
by the pressure rise technique using a 10,000 Torr MKS Baratron. For typical operating
conditions, the average nower deposited into the laser mixture by the electron beam was
approximately 90kW/cm3.

During the initial experiments, the integrated lasing spectrum of the 353nm band was
measured for several pulse lengths. These experiments were performed with a confocal
unstable resonator of magnification 2.7. Data from the OMA are shown in Figure 2 for
pulse lengths of 250, 590, and 750 ns. There is a distinct trend in these data: as the
pulse length increases, the red portion of the 353nm band is progressively more accen-
tuated. Emission in this band is due to transitions between the v = 0 to v =3
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rotational manifolds of the XeF(B-X) tramnsition. This shift represents a shift to higher
rotational levels as the pulse evolves. This trend was confirmed by the high resolution
film spectra. Further experiments were carried out using the OMA to obtain time slices

of the lasing spectrum. The OMA gate was set to obtain a 50ns wide snapshot during a
lasing pulse. By varying the delay between the initiation of the laser and the gating of
the detector window, a series of snapshots of the lasing spectra were taken, which spanned
the entire lasing pulse. The pulse-to-pulse reproducibility of the laser were verified by
the data from the other diagnostics. Characteristic results are shown in Figure 3 for the
M = 2.7 unstable resonator. These data show a definite shift of the spectrum to the red
portion of the band as the pulse progresses. The time slicing and pulse length variation
experiments were repeated with two additional resonator configurations that provided higher
intracavity flux: a 50 percent fea=dback stable resonator and a 70 percent feedback stable
resonator. These data show spectral sweeps similar to that observed with the unstable
resonator.

To compare the data from several resonator configurations, the spectral sweep was
quantified by dividing the 353nm band into five equal wavelength regions. The number of
detector counts in each wavelength region was determined and then divided by the total
number of counts in the entire band. Since the OMA curve represents time-integrated
intensity, i.e., energy emitted during the time that gated detector is on, the resulting
numbers measure the fraction of energy emitted in each wavelength segment during the period
of the detector gate. This procedure was carried out for each time slice and for each of
the resonator configurations. The results are presented in Table 1 and a graph of some of
the data are shown in Figure 4. It is apparent from Table 1 and Figure &4 that the magni-
tude of the spectral sweep as well as the speed with which it occurs increases with the
resonator feedback (i.e., as intracavity flux increases).

That a pulsed laser may exhibit a time-dependent lasing spectrum is not a new concept.
The behavior observed in XeF is reminiscent of, but may not be necessarily related to,
that seen in other types of pulsed lasers. For instance, smooth and continuous shifts of
the lasing wavelength are well know effects in pulsed dve lasers (Ref. 4,5). 1In addition,
the evolution seen here for XeF is similar to the line hopping phenomena observed in
pulsed chemical lasers (Ref. 6,7).

Bottlenecking of the lower level and depletion of the upper level are two possible
mechanisms that cculd contribute to the observed spectral sweep. (A 50°K temperature
rise is the maximum that can occur in the gas during the laser pulse from the electron
beam. Boltzman population shifts due to this temperature rise are insufficient to account
for the observed spectral shift). In the case of a bottlenecking mechanism, the stimulated
emission rate exceeds the rate of ground state removal. As particular rotational states
of the lower laser level become filled, the lasing action shifts to adjacent states in
the upper rotational manifold. Recent numerical and thermodynamical calculations modeling
pulsed chemical lasers have shown that bottlenecking can cause spectral sweeps even if
rotational equilibtrium is maintained in both uppc> and lower laser levels (Ref. 8,9).
Upper state depletion can result when the stimulated emission rate exceeds the rate at
which an upper lasing rovibrational state is filled bv relaxation from adjacent states.
Consequently, the upper lasing level is emptied and lasing shifts to adjacent transitions
in the rotational manifolds.

Neither of these possible mechanisms is consistent with our observations. Increased
pulse length allows a longer time for the spectral sweep to occur by both mechanisms and
would consequently result in a broader spectrum. The increased cavity flux caused by the
higher resonator feedback increases the stimulated emission rate and hence can terminate
lasing on a particular transition by more rapidly emptying an upper state (depletion) or
more rapidly filling the lower state (bottlenecking).

As a further examination, spectra were taken by varying the pumping rate (electron gun
current) while maintaining a constant 500ns pulse length. An attemot was also made to
measure the spectral and temporal dependence of the sidelight fluorescence. This fluo-
rescence is a monitor of the upper state population. It was found that the sweep increased
with increasing pumping rate, resulting in a wider time-integrated bandwidth. Unfortun-
ately, the result of the sidelight fluorescence were not conclusive, so that it was not
possible to correlate the rate of wavelength sweep with an upper state population redis-
tribution.

It is unclear if either of the above mentioned mechanisms can account for the observed
spectral sweep because of the complicated nature of the XeF spectrum. The XeF rotational
lines are closely spaced and collisionally broadened to thz2 point of overlapping. One
therefore does not observe single rotational lines turning on and off as in a pulsed
chemical laser but rather a group of lines that sweep in intensity, with the location of
the group moving across the manifold. It is this aspect of the spectrum that makes it
difficult to differentiate between the possiktle mechanisms. In the absence of detailed
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rotational relaxation information, an accurate kinetics model of this effect is not
feasible. We note however, a recent phenomenological model was developed by Juramy

et al., (Ref. 4) to analyze the spectral sweep observed in pulsed dye lasers. It was
demonstrated that if the spectral dependence of the emission and absorption cross sections
were taken into account, then a spectral sweep follows naturally from a rate equation
description of a homogeneously broadened laser. Moreover, their model predicts an
increased rate of spectral shift with increased cavity flux.

In summary, we have observed a spectral sweep in the 353nm band of an electron beam
pumped XeF laser. This sweep manifests itself as progressive broadening of the time-
integrated spectrum as the pulse length, electron beam pump rate, and intracavity flux
increase. The spectral evolution could result from bottleneching in the lower level or
depletion of the upper laser level.
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Table 1. Analysis of Spectral Red Shift
% PEAK AREA IN REGION*
RESONATOR | TIME SLICE, | | nmfm v |v
UNSTABLE |0 TO 50 15.7150.3 (270 79| 08
(M=2.7) 100 TO 150 | 8.9] 36.8|346)159 | 3.7
200 TO 250 | 5.7|29.2|34.7 {22.1| 8.3
300 TO 350 | 5.1)27.0|34.1|23.2|10.6
400 TO 450 | 6.2]27.8|33.7 (217 | 10.6
__________ —_— —_—— e e e e ]
STABLE** |0 TO 50 17.1{39.7 289 (116 | 26
(50% R) 100 TO 150 | 9.7 30.6 | 34.1]19.6 | 6.0
200 TO 250 | 4.9 22.132.7]26.9 |13.4
300 TO 350 | 4.2 21.0(32.9(26.9{15.0
_____ (40TOBO ) m ot o]
STABLE*** |0 TO 50 14.6 | 40.4 | 29.2 | 125 | 3.3
(70% R) 100 TO 150 | 5.5 26.1( 33.0 | 24.6 | 10.9
200 TO 250 | 3.5)20.7 | 32.1|27.8 |15.9
300 TO 350 | 2.4|20.4 (324 27.7 | 17.1
400 TO 450

*The (0 to 3) band was divided into 5 equal width wavelength regions;
Region I is the Blue most region and Region V is the Red most region.
Each Region is about 0.05 nm wide.

*%For this resonator the output coupler is a 50% R Mirror.

***For this resonator the output coupler was a 70% R Mirror.
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OPTIMIZATION OF ELECTRON-BEAM PUMPED EXCIMER LASER

T.F. Lowum and J.I,.. Swecker
Air Force Weapons Laboratory, AFWL/ARBM
Kirtland Air Force Base, New Mexico 87117-6008

Abstract

We significantly increased the output energy of an electron-beam pumped Xenon Flouride
laser by optimizing certain electron qun and gas mix paraneters. The optimized e-gun
parameters include anode-cathode spacing, magnetic field strength, and cathode voltage.
The optimized laser gas parameters include NFBConcentration, Xe concentration, and total
pressure,

We found that the shortest anode-cathode spacing (9 cm), the strongest magnetic guide
field (1600 Gauss), and the highest cathode voltage (375 kV) gave the highest laser
output. The optimum gas concentrations were .05% NF_,, .3% Xe, with Ne added to bring the
total gas pressure to 60 psia. The energy degraded %y 2% per shot with this gas mix.

Introduction

Electron beams are widely used to pump excimer lasers bhecause of their scalability to
large volumes and long pulses. However, this type of laser is often unpredictable and
unreliable. Much controversy also exists over the optimum concentrations of NF,, Xe, and
Ne in a Xenon Flouride laser. In this work, we describe experiments to charactérize the
electron gur and to optimize the concentrations of NF.,, Xe, and Ne in the laser gas
mixture. Our aim was to find an optimum configurationh for the laser in terms of energy
output and reliability.

Electron Gun Optimization

A ten-stage Marx tank, actually a pulse-forming network (PFN) or Guillemin Tvpe C
network, provides energy to produce the electron beam. An individual stage of the Marx
circuit can be charged up to 100 kilovolts to provide a maximum voltage of 1 megavolt upon
erection of the ten stages.

The PFN feeds a cold cathode covered with a 10 x 75 cm piece of carbon felt. The
spacing between the cathode and the anode (the hibachi foil support) is ncminally 10 cm,
but this spacing can be reduced by inserting a spacer behind the cathode. The A-K spacing
establishes the impedance of the diode, and therefore determines the fraction of the PFN
voltage delivered to the cathode. For example, when the A-K spacing is §.9 cm, a PFN
charging voltage of 75 kV per stage delivers a total of 312 kV to the cathode. This
voltage produces a cathode current of approximately 9,150 amps. An external magnetic
field gquides the electrons into the laser chamber and reduces scattering by the foil and
the high pressure laser gases (see Fig. 1).

The cylindrically shaped laser chamber is 125 cm long with a diameter of 15 cm. Since
the emitting area of the cathode is only 10 x 75 cm, the e-beam pumps less than half of
the total volume of gas. The energy deposited into the gas was determined by measuring
the pressure rise in the chamber due to heating of the gas by the e-beam. Neon gas was
used for energy deposition measurements since it is the major component of the excimer
laser gas mixture. Since neon fluoresces, the rise in pressure accounts for only part of
the total deposited energy. To estimate the loss to fluorescence, we measured the
pressure rise with nitrogen gas which is essentially non-fluorescing. BAllowing for the
slight differences in the electron stopping power ¢f the gases , we found the amount of
energy deposited in both gases (neglecting fluorescence) to be approximately equal.
Therefore, the energy lost to neon fluorescgnce is small and was neglected in our
determination of the total deposited enerqgy”.

Tc study the effect of the anode-cathode (A-K) spacing on laser output, the eneragy
deposited into the laser chamber was determined at different separations. Decreasing She
A-K gap lowers the diode impedance, thus increasing the current emitted by the cathode”.
This current increase is somewhat cffset by a decrease in the cathode veoltage caused by
the lower diode impedance (due to the impedance mismatch between the FFN and the cathode).
However, if the A-K gap becomes too short, the cathode vecltage arcs directly to the anode
and the diode shorts; the cathode will not produce an electron beam, Our measurements
confirm that decreasing the A-K gap results in more enerqgy being depcsited in the locser
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chamber. Table I lists the results of these measurements. Although the change in average
cathode voltage and current was small, the energy deposited into the gas increased by 30%.
Laser output alsoc increased 30% with the smaller separation.

TABLE I. Effects of Anode-Cathode spacing on electron beam parameters.

A-K Spacing IKavg V., avg Verak E

K dep

{cm) (kA) (kv) (kv) (Joules)
10.2 9.01 318 377 956
8.9 9.15 312 353 1242

The strength of the magnetic guide field was varied to determine its effect on energy
deposited into the chamber. As figure 1 shows, two magnets surround the laser chamber in
a Helmholtz configuration. These magnets serve the dual purpose of guiding the electrons
into the laser chamber and of increasing an electron's effective path length through the
gas. Each magnet has a maximum field strength of 800 Gauss (limited by the power
supply), so the total B field available is about 1600 Gauss. To vary the field strength,
one or both of the magnets were turned off or a resistor was inserted in series with the
magnet to decrease the current. Figure 2 shows the deposited energy versus field
strength. The curve suggests that higher magnetic field strength would vield
significantly more energy deposited into the laser chamber, but we are unable to explore
this with the current configuration.

Figure 3 depicts energy deposited into the laser chamber versus cathode voltage. Th
theoretical curve was determined from the Child-Langmuir prediction for current density”,
measurements of cathode voltage and pulse width, and the transmission of the hibachi and
foil. We accounted for the increase in cHrrent density due to closure of the diode using
a 4-5 cm per microsecond closure velocity . Since the A-K separation is on the order of
one of the cathode dimensions and the cprrent density is non-»riform, the Child-Langmuir
relationship is not strictly applicable”. However, general trends are predictable. Note
that as cathode voltage increases, the data fall below the theoretical curve by an
increasing amount. This disparity arises because as cathode voltage increases, the
kinetic_energy per electron increases and more electrons impact the back wall of the laser
chamber™ instead of depositing all of their energy into the gas. Increasing the effective
stopping power of the gas (by increasing the depth of the laser chamber or raising the
pressure of the gas) would reduce this loss.

Gas Mix Optimization

After completing the characterization of the electron gun, we next optimized the
concentrations of NF,and Xe in our gas mixture. We knew that an optimum concentration of
NF3 and Xe had to exist, since both of the gases produce absorbing compounds when excited.
To find the optimum gas mix, we measured the output energy of the laser as the
concentrations of NF, and Xe were varied. An off-axis, unstable, confocal resonator was
used to extract the é&nergy from the gain medium. We aligned the resonator so that the
optical axis was near the foil (and thus near the electron gun). A Scientec 8" volume
absorbing calorimeter measured the energy in the 10x10 cm output laser beam. Figure 4
shows a diagram of the experimental set-up.

We first varied the Xe concentration, keeping the NF, concentration constant at .085%.
Figure 5 shows the average output energy for the first %en shots at different
concentrations of Xe. The laser produced the most energy with only .2% Xe, a
significantly lower value than other investigators have reported.

Keeping the Xe concentration constant at .3%, we next varied the NF, concentration from
.03% to .1%. As figure 6 shows, the laser produced the most energy wi%h the
NF, concentration at .05%, which is also lower than "normal". Further tests confirmed
thgt the optimum concentration was indeed .05% NF./ .3% Xe, but .2% Xe lowered the output
only slightly. We did all of these tests with thé E-gun pumping level at 1200 Joules and
the total gas pressure at 60 psia. Additional tests indicated that this was also the
optimal gas mix for a wide range of pumping energies. We alsc measured the shot-to-shot
degradation of this gas mix. The energy output of the laser degraded approximately 2% per
shot, which is typical of NF3 gas mixes
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our OPEi@US gas concentrations were significantly lower than others repY ted
elsewhere® '’ but our total gas pressure was higher. In 1977, Champagne claimed that
an optimum number density of NF, and Xe existed for XeF lasers. If this is so, then the
optimum concentration will change with total pressure. To allow comparison of our results
with others at lower pressures, we calculated the optimum number density (or partial
pressure) of both species. The corresponding optimum number densities at various
operating pressures are listed in Table 2. Our results agree favorably with those of
Champagne (NRL) and Feiock (Maxwell Labs) as shown in Table 2 also.

TABLE 2. Optimum Concentrations of NF3 and Xe at Various Total Pressures.

5 atm 4 atm 3 atm
3 NF3 .041 .051 .068
% Xe .16-.24 .2-.31 .27-.41
Maxwell (1984)%0 .067% NF3, .2% Xe
NRL (1977)%1 .06% NF3, .18% Xe

Since the laser gas has greater electron stopping power at higher pressure, the
electron gun deposits energy into the gas more efficiently. At lower gas pressure,
however, the electron gun deposits energy more uniformly across the chamber. Figure 7
illustrates both of these points. The data taken at 50 psia show that a significant
number of electrons reach the far side of the chamher. Thus, many of the electrons strike
the far wall of the chamber rather than depositing their energy into the gas. The data
taken with a gas pressure of 60 psia show that the gain has decreased to almost zero at
the far wall of the chamber; the gas stops almost all of the electrons. As the two gain
curves in Figure 7 show, the gain is more uniform across the chamber at the lower gas
pressure, but higher total energy can be extracted at higher chamber pressure.

The pressure of the laser gas controls this trade-off between pumping efficiency and
pumping uniformity. An application requiring maximum laser output energy calls for the
highest possible gas pressure, while an application requiring maximum intensity uniformity
across the beam would call for a lower gas pressure.

Conclusion

Table 3 lists the parameters of the laser when configured for maximum output energy.
The laser output energy of 16.4 Joules represents an order of magnitude increase over the
output energy before we started the characterization and optimization work. The deposited
energy increased by 30% when we decreased the A~K spacing by 1.2 cm. The addition of a
1600 Gauss guide field increased the deposited energy by a factor of four. A higher total
gas pressure gives more efficient pumping because it stops more electrons, but a lower
total gas pressure gives more uniform pumping across the chamber. Optimization of the gas
mixture was the most significant factor in increasing the laser output energy. Our
optimum mix has lower concentrations of NF3 and Xe , but does agree with two other
investigations.

Additionally, we learned several things about the electron beam deposition. A small
decrease (1.2 cm) in the A-K spacing resulted in a 30% increase in deposited energy. The
addition of a 1600 Gauss magnetic field increased the deposited energy by a factor of
four. Finally, we found that deposition could be tailored by varying the total pressure
of the lasing medium. This implies that uniform and efficient pumping cannot be achieved
with @ single electron gun unless the back wall of the laser chamber can be made to
reflect the electrons which strike it.

135




Table 3. Optimum Laser Configuration.

Cathode Voltage 310 kv Gas Mix .05% NF3 / .3% Xe
Cathode Current 9.2 kA Chamber Pressure 60 psia
A-K Spacing 8.9 cm Pulse Length 1.1 microsec
Magnetic Field 1600 Gauss Output Energy 16.4 Joules
Deposited Energy 1450 Joules
Extracted Volume 7.5 Liters
Chamber Volume 18 Liters
E-Beam X-Section 10x75 cm
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XENON EXCITED STATE DENSITY MEASUREMENTS IN XeCl
F. Kannari, W. D. Kimura, J. F. Seamans, and D. R. Guyer
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2755 Northup Way
Bellevue, WA 98004-1495

Abstract

To increase the kinetics data base and refine the understanding of XeCl lasers, time-
dependent measurements of lower level xenon excited state densities in electron-beam pumped
XeCl laser mixtures have been performed. Measurements are obtained using hook
interferometry under nonlasing conditions at an average excitation rate of %250 kW/cm and
e—beam pulse widths of 0.4 and 1 gs. The population differences, AN*, between four
different electronic transitions [three in the Xe*(SS)—Xe**(Sp) manifold, and one in the
Xe**(68’)-Xe* ™ (6p’) manifold] are examined as a function of halogen concentration. A
dramatic change in the excited xenon demsity, caused by a change in the energy flow
mechanism in the XeCl kinetics due to HCl burn-up, is observed. As long as a relatively
high HCl density exists in the mixture, ion-ion recombination reactions (e.g., Xet + C17)
intercept dissociative dimer-ion recombination reactions (e.g., Xeg) and suppress the
excited xenon densities. When a certain amount of HCl is consumed, the energy flow channel
switches to dimer-ion recombinations, resulting in an abrupt increase of the xenon excited
state density.

Introduction

Historically, the understanding of XeCl laser kinetics has tended to lag the other major
excimer lasers. The major differences between the XeCl formation mechanism and those of
others using fluorine as the halogen donor are as follows: 1) Reaction of the first
excitation state of xenon (5p569) with vibrational ground state HCl is nearly thermoneutral
with respect to XeCl* formation. 2) The dissociative attachment reaction rate of ground
state HCl with electrons is much less than that for F,. Several experimental and
theoretical studies have shown that high XeCl™ formation yield can be achieved through
higher excited states of xenon“’® and/or vibrationally excited HC1®* through the neutral
reaction channels. Only vibrationally excited HC1%:6 has a high dissociative attachment
reaction rate that results in efficient XeCl™ formation through the ion channel. Numerical
kinetic models have been also developed for e-beam pumped XeCl lasers’ O which are in
reasonable agreement with the results of laser experiments. However, measurements and
analysis of only the laser output characteristics are not enough to clearly characterize
kinetic processes occurring in the gas mixtures excited by the e-beams. 1In fact, some
inconsistent experimental results have been observed.”’

To refine our understanding of XeCl lasers and increase the kinetics data base, the
fundamental kinetics parameters of time-dependent electron density and burn-up of HCl have
been measured at Spectra Technology, Inc. This paper presents experimental measurements of
the lower level xenon excited state densities in e-beam pumped XeCl mixtures.

As mentioned before, the density of lower level excited xenon is not a key parameter
with regard to XeCl* formation, because reactions with vibrational ground state HCl do not
produce XeCl*. However, it is a key parameter to understand the energy flow from the
buffer gas system to the xenon system and the balance of the other reactions. Figure 1 is
a block diagram showing key kinetics pathways in Ne/Xe/HCl mixtures. In Ne/Xe mixtures
(without HCl), neon ions and excited neons, produced by the primary electrons of the e-beam
and by high energy secondary electrons, produce xenon ions through three-body charge
transfer reactions and Penning ionizations. Xenon excited states are then produced through
dissociative recombination reactions with xenon-based dimer ions (Ne;, NeXe®’). The
fraction of xenon excited states formed directly by electron collisions is negligible due
to the low density of xenon compared to neon gas in these laser mixtures.
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Fig. 1. Block diagram showing key kinetics
paths in the Ne/Xe/HCl rare gas
halide system.

2Xe +hy

When a trace of HCl is present in the mixture, dissociative attachment reactions with
vibrationally excited HCl controls the secondary electron demsity, and fast ion-ion
recombination reactions (e.g., Xe+—Cl—) interrupt the usual recombination reactions of the
dimer ions. Therefore, if the measured xenon excited state densities in mixtures
containing HCl are lower than those in Ne/Xe mixtures by a factor higher than that expected
from just the quenching rate of excited xenon by HCl, then this is indirect evidence of

high C1™ density. However, the dominant source of Cl~ is dissociative attachment from
vibrationally excited HCl and there are experimental results indicating that the density of
vibrationally excited HCl is low.

Experimental Technique

Xenon excited state densities are measured using classical hook interferometry combined
with pulsed dye laser technology. The experimental apparatus and the principle of this
technique are described in detail elsewhere; "’ a schematic of the experimental set-up is
shown in Fig. 2. The total optical vath of the excited laser medium is 70 cm, and the e-
beam excitation rate is 8250 kW/cm .

Figure 3 is a partial energy level diagram showing the transitions examined during the
experiment: 1) 823.2 nm (6s[3/2]35 - 6p[3/2],); 2) 828.0 nm (6s[3/2]7 - 6p[1/2],); 3) 834.7
nm (68’[1/2]? - 6p’[3/2]5); and 4? 840.9 nm 63[3/2]3 - 6p[3/2],). Measyred oscillator
strengths for these lines are 0.23, 0.12, 0.37, and 0.012, respectively.

Because hook interferometry gives the density difference between two states, to obtain
the absolute density of the lower state requires the upper state population to be either
negligibly small or estimable through other means. If the collisional mixing by either
neutral species or electrons is fast, the initial formation distribution will be quickly
reduced to a steady-state distribution. Comparin§ collisional deactivation rate constants
and radiative 1li‘. “*imes measured by Inoue, et al. 4 with rates for stepwise excitations by
electrons, it is reasonable to expect that the later processes will effectively compete
with the former processes. If the distribution in the xenon excited state manifold is
characterized by a secondary electron temperature of 1.5 eV, which is a typical average
electron temperature predicted by our model for our experimental conditions, the upper
state density of the probed transitions would be 23%, 12%, and 36% of the lower state
density for the 823.2, 828.0, and 840.9 nm transitions, respectively. This represents an
upper limit for the higher state populations since other heating sources do not exist. In
fact, even if the electron mixing processes are dominant, the fast ionization processes of
the higher xenon excited states tend to decrease the population of the upper states.
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The analysis is further complicated by the fact that at least part of the xenon manifold
must be in nonequilibrium as evidence by the existence of infrared xenon lasers. Lasing
occurs between the 5d and 6p xenon excited states when mixtures of Ar/Xe or Ne/Xe at >1 atm
are excited by e-beam or e-~beam sustained discharges.""’

Therefore, in order to avoid biasing the data with an assumption of the upper state
densities, all the data presented in this paper represent the population difference, AN*,
between the upper and lower state of the transition examined.

Results And Discussion

Figures 4 and 5 show typical experimental results obtained at the 828.0, 823.2, and
840.9 nm transitions, for XeCl laser mixtures with an initial HCl concentration of 0.16%
and 0.08%, respectively. The XeCl laser mixture is 1.5% Xe in Ne diluent at a total gas
pressure of 3000 Torr. A normalized e-beam current pulse shape [400 ns (FWHM)] is shown at

the bottom of the figures. As can be seen in Fig. 4, the density differences of AN*(823.2
nm) and AN*(828.0 nm) are relatively constant during the e-beam pumping, and decay rapidly
at the termination of the e-beam pulse. For 0.08% HCl (see Fig. 5), the AN* density
increases abruptly at %350 ns into the e-beam pulse. During the electron density
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Fig. 4. Time-dependent AN* densities of a Fig. 5. Time-dependent AN* densities of a
XeCl mixture (1.5% Xe, balance Ne XeCl mixture for an initial HC1
to 3000 torr) for an initial HC1 concentration of 0.08%. Other
concentration of 0.16%. Solid and parameters are the same as in
open circles, and open triangles Fig. 4. Plot parameters are the
e . . .
correspond to AN (823.2 nm), same as in Fig. 4, except solid
AN*(828.0 nm), and AN*(834.7 nm), trianglcs correspond to
respectively. Solid squares AN" (840.9 nm).

correspond to AN* densities for
the neon excited state (3p[5/2]3 -
3d[7/2]2) transition at 837.8 nm.

measurements, the electron density also increases abruptly at a certain point during the e-
beam pumping. These points tend to occur at earlier times as the initial HCl concentration
is lowered. The consumption of HCl during the pump pulse increases the secondary electrons
and reduces the Cl~ ions resulting in an increase in electron-dimer ion recombinations.

Also shown in Fig. 4 are results of measuring the aN" density of the neon (3p(5/2]45 -
3d[7/2]2) excited state transition at 837.8 nm. Since neon excited states are mainly
produced by high energy electron excitations, the neon excited state density does not
increase abruptly like the xenon densities, but rather follows the e-beam pumping.

Figures 6 and 7 show time-dependent AN" densities obtained under extended (1 pgs) e-beam
excitation for an initial HCl concentration of 0.32% and 0.16%, respectively. Sidelight
fluorescence of XeCl*(B-X) is shown at the bottom of each figure with the normalized e-beam
current pulse. For 0.32% HC1l, the AN* density does not stay constant, but gradually
increases towards the end of the e-beam pulse. This gradual increase may be caused by an
increase in the gas temperature during the e-beam pumping which leads to a decrease in the
ion-ion recombination rates. For 0.16% HC1, the aN" density increases abruptly at %600
ns into the e-beam pulse. The sidelight fluorescence for the 0.16% HCl mixture begins to
decrease at approximately the same time as the increase of the AN* density.

It is also observed that, if the HCl is consumed during the e-beam pulse, the lifetime
of the excited xenon is extremely long after termination of the e-beam pulse. A long
lifetime is also observed in halogen-free rare gas mixtures. Note in Fig. 1 that energy
transfer processes from excited Cl atoms are another possible path to form xenon excited
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states. To eliminate the effects of the halogen, Ne/Xe and Ar/Xe mixtures were examined,
and the results are shown in Fig. 8. The xenon excited state densities increase quickly,

L —_
and a peak AN of #5 x 10 cm is observed at the end of e-beam pulse. For the Ne/Xe
mixture, the lifetime of Xe*(SS) is surprisingly long, and its decay behavior is not purely

exponential.
In neon based mixtures, the populations of heteronuclear molecules, such as NeXe* or
NeXe™, are very low due to their low binding energies (<0.05 eV). In addition, xenon dimer

formation through three-body collision with neon buffer is also slow. Therefore, the
quenching rate of excited xenon is significantly low in neon based mixtures. Furthermore,
because the dimer ion formation rate is also low for the same reasons, the population of
xenon ions is quite high, and is balanced with the high density of secondary electrons
which exist even after the e-beam termination. Therefore, the slow feeding processes of
dimer-ion recombinations continue even after the e-beam termination, and help keep the
xenon excited state density high. Moreover, because of the high density of xenon excited
states, Penning ionization (Xe™ + Xe™) also becomes important.

As a result of these effects, energy circulates within the xenon ion and excited xenon
system, and is gradually quenched by very slow excited xenon dimer formation and radiative
decay processes, thereby leading to long Xe* lifetimes. This interpretation is supported
by the results for the Ar/Xe mixture shown in Fig. 8. In Ar/Xe mixtures, the quenching
rate of Xe*, producing ArXe™ dimer, is faster than in the Ne/Xe mixtures because the
binding energy of the Ar-Xe dimer is higher. Higher ArXe® and Xeé densities in Ar/Xe
mixtures also tend to accelerate the decay of the electron density via recombination
processes that result in faster energy decay of the entire system after termination of the
e-beam pulse.

Conclusions
The time-dependent excited state density measurements of xenon in e-beam pumped

Ne/Xe/HCl laser mixtures as a function of halogen concentration have yielded important new
insights into the neutral and ionic kinetics occurring in these plasmas.
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As long as the HCl density is high, secondary electrons and xenon ions are controlled by
dissociative attachment reactions with the halogen and ion-ion recombination reactions,
respectively. In addition, the amount of electron-dimer ion recombination is relatively
small, which results in low xenon excited state densities. When a certain amount of
halogen is consumed, the energy flow channel rapidly switches to the dimer recombination
channel and the excited state demsity of xenon abruptly increases. This increase of the
xenon excited state population is coincident with a similar increase of the secondary
electrons. A population increase of the higher level xenon excited states is also observed
as the halogen is burned up; this presumably results in an increase of photoionization at
the laser wavelength. This may contribute to the termination of the XeCl laser output
under high energy loading conditions.
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A XeCl EXCIMER LASER WITH AUTOMAT'C PREIONIZATION

J.P. SINGH
MHD Energy Center
Mississippi State University
Mississippi State, MS 39762

ABSTRACT

A high power, automatic preionization, discharge excited excimer (XeCl} Taser is presented. Aluminum
electrodes 81 cm long and separated by 22 mm are mounted on Al-plates which are enclosed in a pyrex tube of
Tength 100 cm and diameter 15 c¢cm. The electrical energy of 9J is dumped into a 107 cm3 discharge volume. 48
mJ of energy per pulse and a pulse-width of 15 nsec at 15 Hz are obtained.

INTRODUCTION

The excimer laser is one of the most powerful sources of coherent light energy in the ultraviolet region.
The most common excimer laser is XeCl (308 nm) which is_used in spectroscopy, photochemistry, remote sensing
and to pump dye lasers. Two main techniques, discharge?! and electron beam pumping are used in pumping these
lasers. An automatic preionized discharge pumped excimer laser is simple in construction.

During the past decade an enormous amount of work has been done on different excime: lasers.3” 7 Various
data have been collected to improve the understanding of the kinetics involved in laser excitation. Different
techniques have been attempted for preionization to produce uniform laser discharge. Work is still continued
to improve the efficiency, to improve the eiergy of the laser®!%and to scale up!! the laser for high energy.

This paper the will present a simple, high power autoematic preionized discharge pumped excimer las~». The
output energy dependence with various laser parameters will be reported. The various attempts to improve the
pulse repetition rate and tne lifetime of the gas mixture will also be reported.

DESIGN AND FABRICATION

The design of this Taser is quite similar to the one reported by Kearsley et al.. The cross-sectional
view of the plasma tube is shown in Figure 1. The discharge electrode system is designed with two Al-plates
of 100 cm x 14 cm. They are separated by 47 mmewith epoxy rods of diameter 25 mm. One of the electrodes is
an Al-rod of 6 mm diameter and 81 cm long which is attached to one of the Al-plates. Another electrode is
fabricated from an 81 cm x 25 mm x 20 mm rectangular Al-rod and an Al-plate of thickness 5 mm. These are
screwed to the middle of the second 14 cm wide Al-plate. The top of the 5 mm thick plate is a smooth ard
slightly curvec Rogowaski profile at the edges. The ends of the other electrode are also curve: to avoid the
arcing during the laser discharge. Two rows of 12 doorknob capacitors (Steatite and Porcelain Products Ltd.
type (725) are placed symmetrically on each side of the electrode. These dumping capacitors have total capa-
citance of 31.2 nF. The separation between the plate electrode and dumping capacitors is critical to
designing the laser. The capacitors should be close enough to the electrode to get the proper preionization
but far enough away to prevent the discharge from passing through “he surface of the capacitor. The complete
electrode system is inside a purex cylinder of diameter 15 cm and length 100 cm. Two stainless steel plates
with 0 rings are clamped to the ends of the cylinder. These plates are used to connect the laser electrodes
to the capacitor and thyratron. The laser cavity is formed with an Al coated mirror of 2" diameter on one end
of the plasma tube and a quartz window on the other end.

The electrical circuit diagram of the laser is show~ in Figure 2. A 30 kV, 200 mA power supply is con=
nected to a storage capacitor of 100 nF, 60 kV. The other end of the capacitor is connected to one of the
laser electrodes. The other electrode is grounded with the thyratron and power supply. A homemade inductor or
5 k long resistor is connected across the electrodes of the plasma tube. The anode of the thyratron is con-
nected to capaciter C1 and the cathode is connccted to the anode of the laser. Thyratron and storage capaci-
tor are placed close to the plasma tube and are conracted with copper strip or aluminum foil to minimize
inductance in the discharging circuit. The hydrogen thyratron is triggered by a modified version of the
trigger pulsed rircuit of Ref. 12, The ignition coil is replaced with an EG & G pulse transformer.

NPERATION AND PERFORMENCE

The storage capacitor is charged from the H.Y. power supply through the resistor R. Initially, the
electrodes of the plasma tube are at the ground potential. As soon as the thyratron fires, a potential dif-
ferance develops across the electrodes. This potential difference transfers to the upper end of capacitors C»
and the top electrode which produces the breakdown of the gas medium. The capacitors Cp are charged through
the breakdown. The breakdown also prodices ultraviolet photons which producc preionization of the gas media
between the electrodes. The energy from the capacitors C2 is transferred to the preionized gas mixture and
produces uniform discharge. The time lag between preionization and main discharge depends upon the laser
design but is typically 100 ns.

The variation of laser energy with discharging voltage and different gas mixtures has been studied to
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optimize the output power. Figure 3 shows the variation of relative laser energy with charging voltage at 35
torr Xe, 4 torr HCl and 2 atm He pressure. [t increases linearly with voltaqes from 16 kV to 24 kV and shows
saturation arter that. The energy of the laser is measured with a Gentec ecnergy meter (ED-200)}. Fiqure 4
shows the laser output energy at various total pressures and also HC1 partial pressures. It increases as He
pressure increases from 1 atm to 2 atm. From 2 atm to 2.5 atm it remains nearly constant and starts
decreasing above 2.5 atm. The power output has also been studied with varying HC1 pressure in the gas mix-
ture. It increases up to 4 torr of HCI then remains the same up to 5 torr and start decreasing above 5 torr.
The umiformity of the laser discharge deteriorates at higher HCI pressure and the electrical energy dissipates
in arcing rather than exciting the laser media.

The lifetime of the gas mixture is tested by monitoring the laser energy at different times. The plasma
tube is passivated a few times with a HC1 and He mixture without running the discharge. The laser gas mixture
Xe: HC1: He; 35 torr: 5 torr: 2 atm is used to run the laser discharge, Iaitially, the mixtures have not lost
long time. It has stabilized after few fillings and the power output with time is given in Fiqure 5. The
stabilized system runs up to 2 x 105 shots in one filling. The Tlaser power remains more than 90 percent of
the peak power. The optimum operating conditions are 35 torr Xe, 4-5 torr HC1 and 2 atmospheres of He at 24
kV charging voltage. The pulse width is Tound to be 15 nsec and laser energy ner pulse is 48 mJ), The laser
normally operates at 15 Hz but it can go up to 20 Hz.

The 6 mm diameter electrode is modified to produce uniform laser discharge at high pulse repetition
~ates. 13 Four H carbon pencil rods of 15 mm length are fitted into the holes drilled 3 mm apart into the
electrode. This improves the laser performance at high repetition rates but the power output is reduced.
This laser can operate easily up to a PRF of 100 Hz. The gas mixture also deteriorates in shorter time than
the previous system. The ballasted resistance technique to stabilize the laser discharge, which is suitable
for the C0p laser, is found to not be useful for excimer laser. The gas mixture from the plasma tube is
passed through a cooling system to a diaphragm pump which circulates the gas mixture. It improves the laser
performance at high pulse repetition rates but the life of the gas mixture is reduced. The preionization
system is also modified to get optimum laser energy. The bottom electrode is raised by 10 mm. Screws of 12.5
mm length are screwed from the top of the Al-plate to coincide with the upper ends of the capacitors. This
arrangement provides the preionization discharge in the middle of main discharge and has improved the laser
performance. This laser is being used at present to pump two grazing incidence dye Tasers which are used in a
sequential two photon absorption spectrometer.
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Figure 3.
Variation or the laser output energy with storage
10 capacitor voltage at Xe:HCl: He; 35 torr: 4 torr:
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HIGH POWER AND EFFICIENT X-RAY PREIONIZATION XECL LASER WITH
A PULSE TRANSMISSION LINE

Toshifumi Hasama, Kenzo Miyazaki, Kawakatsu Yamada and Takuzo Sato

Laser Section, Radio- and Opto-Electronics division, Electrotechnical Laboratory,
Tsukuba, Ibaraki 305, Japan

Abstract

A high power and efficient X-ray preionized discharge pumped-excimer laser has been
developed. The electrical circuit of the laser system is composed of a pulse forming
line (PFL), a rail-gap switch and a pulse transmission line (PTL) to transform the PFL
impedance. 1In order to investigate the effects of the impedance transformation of the
PTL, two types of the PTL with the output impedances of 0.26 § and 0.48 QO have been
employed. The system with a lower output impedance has produced the large laser
energies by 13-15 % in the range of the PFL-charging voltage from 228 to 400 kV at
HCl/Xe/Ne=4/20/4476 Torr. The maximum energy obtained is 50 J in an 85-ns pulse (FWHM),
corresponding to the peak power of 0.59 GW. The highest efficiency of 3.1 % has been
achieved with an energy of 17.6 J.

Introduction

Rare—gas halide excimer lasers with high-gain and broad gain-width are available
for efficient amplification of picosecond (ps) or femtosecond (fs) ultraviolet (UV)
laser pulses. Recently ps or fs laser pulses with very high peak power have been, _
produced by amplification systems having XeCl, KrF or ArF laser as the amplifiers

Since the excimer lasers have very short energy storage times, a device with a wide
aperture is necessary to obtain the output energy above 1 J in an amplified ps or fs
pulse. So far, an electron-beam pumping method has been mainly employed for a wide
aperture device with an active vglume above 10 1 except for the discharge laser
constructed by Champagne et. al. . They have obtained a laser energy of 60 J in a 180-
ns pulse with a XeCl laser However, the detail has not been reported.

In the previous paper on an UV preionized discharge laser with a small active
volume, it has been demonstrated that the output energy comparable to XeCl or KrF laser
was produced by ArF laser in the high voltage operation. This result shows that the use
of the discharge lasers as amplifiers enables the efficient amplification of the ps or
fs pulses in the wide UV region of spectrum.

We have constructed an X-~ray preionized discharge laser with a wide aperture of
10x10 cm™ as a pain amplifier of an excimer laser amplification system to obtain 1-J
class ps—-pulses . The laser was designed to be operated at the high voltage of up to
400 kV. This lead a high pulse-forming-~line (PFL) impedance compared with the discharge
impedance. In order to reduce the output impedance of the excitation circuit, a pulse
transmission line (PTL) to transform the PFL impedance has been inserted between the PFL
and the laser chamber. 1In this paper, we report the experimental results obtained at
the XeCl laser operations.

Laser design

The laser system constructed is schematically shown in Fig.1. The douole PFL with
deionized water as a dielectric has the capacitance of 52 nF and the line impedance of
0.87 2. The PFL is positively charged by a Marx generator with the maximum output
voltage of 500 kV and the capacitance of 50 nF. The double transit time of the PFL is
90 ns.

The PTL interconnects the PFL with the laser chamber. The transit time of the PTL
is 45 ns. In order to study the effects of the impedance transformation of the PTL, two
types of the PTL have been employed. One of them transforms the PFL impedance of
4 =0.87 ;. to the output impedance of z t=0.48 .. at the laser interface. The other
tFiRsforms Zppr=0-87 0 to z_ ,=0.26 1. O

A rail—ggp switch (RGs?uwith 120-cm long electrodes separated by 1 cm was set
between the PFL and the PTL. The filling gas was sulfer hexafluoride and the maximum
pressure of 6 atm was filled at the PFL charging voltage of VPFL=400 kV. The RGS was
operated with a self-breakdown mode.

The laser chamber of aluminum is designed for the maximum filling pressure of 6
atm. The laser electrodes are composed of a plain electrode with the thickness of 1 mm

and a high-voltage electrode with the length of 120 cm and the width of 17 cpy. The high-
voltage electrode is contoured according to the expression proposed by Ernst’ . Both
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electrodes are made of nickel-plated aluminum. The maximum active volume observed was
about 10 1 with 10~cm electrode separation and 110-cm gain length.

X-rays for preionization are generated by colliding a cold-cathode electron-beam to
a tantalum foil with the thickness of 13 ym. The X-rays generated at the tantalum foil
are attenuated by two 1-mm thick aluminum plates of an X-ray window and the plain laser
electraode. The X~ray generator was operated under the conditions of the maximum
accelaration voltage and electron-beam current of 180 kV and 6.8 kA. The pulse width
(FWHM) of the accelaration voltage was 1.0 ps.

2 The X-ray dose measured inside the laser chamber was 120 mR in the area of 20x100
cm”. The X-ray pulse observed by a photomultiplier had the pulse duration of 1.3 s and
the intensity peak at about 0.3 us after the X-ray generation. The operation conditions
were fixed in the following experiments.

Qutput characteristics

The discharge uniformity and stability which have strong influence on the efficient
operation depend on preionization conditions. Figure 2 shows the laser output as a
function of the delay time t, from the beginning of the preionization to the discharge
breakdown. The measurements were made at VP L=154 kV for a gas mixture of
HCl/Xe/Ne=2/20/2478 Torr. The laser output gs normalized at the laser energy of 10.3 J.

The nearly constant laser output is obtained in the wide tim= range of the delay
time from t.,=0.2 to t ,=1.8 ys. This seems to indicate that the sufficient preionization
has been acﬂieved. Beécause the X-ray pulse has the intensity peak at about 0.3 us after
the X-ray generation and the pulse duration is only 1.3 us.

Three laser pulse shapes observed at the delay times of a, b and c are also shown
in the figure. The second pulse in the laser pulse shape observed at the time b has a
low pulse height compared with that at the time a, though the first pulses have the same
pulse height. In the laser pulse shape observed at the time c, the second pulse
disappears and the pulse width of the first pulse becomes narrower than those at the
times a and b. These variations of the laser pulse shapes suggest that the discharge
instability which affects the laser output occurs earlier as the preionization becomes
less sufficient.

The output energy of excimer lasers mainly depends on the energy deposited in the
discharge plasmas as long as the stable discharge are sustained. The increase in the
deposition energy caused by the increase in the total pressure and the reduction of the
output impedance contributes to the improvement of the electrical efficiency.

Figure 3 shows the laser energy as a function of the total pressure for z t
and z =0.48 2. The measurements were made at V =154 kV and a gas nixture 8%
Hc1/x833/zo Torr. The increase rates of the 1aseganergy are 70-80 % for the increase
of the total pressure by 2.25 times. These imply that the electrical efficiencies has
been imprcved by 1.7-1.8 times. On the other hand, the reduction of the output
impedance leads to the increase of the laser energy above 13 % except for the total
pressure of 4500 Torr. The increase rate of the laser energy for zout=°'26 Q appears to
be saturated at the total pressure above 4000 Torr.

In Fig.4 are shown the voltage waveforms observed on the laser electrode at the
total pressure of 4500 Torr. The waveforms after the breakdown do not represent the
voltage between the laser electrodes. Because these waveforms include the inductive
voltages caused by the inductance ar und the laser head. The breakdown at z t=°‘48 Q
occurs at about 60 ns after the voltage is applied on the laser electrode. ou

The breakdown at z =0.26 @ occurs at about 120 ns. The long time till the
breakdown indicates tha?ufhe breakdown voltagglés toozlow. The breakdown voltage is 102
kV and corresponds to the E/N value of 6.4x10 V.cm“. It is possible that this low
voltage has brought about any discharge instability. This may explain the saturation of
the increase rate of the laser energy for z =0.26 2 at the total pressure above 4000
Torr.

The laser energy deposited in a discharge plasma during lasing duration is
propotional to the charging voltage of an excitation circuit rather than the energy
stored in it. Because excimer lasers have a discharge characterisitic that the self-
sustaining voltage dose not change very much with the increase in the charging voltage.
Therefore it is predicted that the laser energy increases to be propotional to the PFL
voltage.

The reasurements of laser energy have been made in the range of the PFL voltage
from 148 to 400 kV at a gas mixture of HC1l/Xe/Ne=4/20/4476 Torr for z =0.26 ! and
4 =0.48 . The results of the measurements are shown in Fig.é toge?ﬂér with a plot of
tggtelectrical efficiency based on the energy stored in the PFL. The laser energy
increase linearly for both the output impedances as the PFL voltage increases. However,
the laser energies for zout=0'26 ‘., are large by 13-15 % compared with those for
z =0.48 . except for V =148 kV. The maximum laser energy obtained is 50 J in an 85-
nguYFWHM) pulse, correspgg ing to the peak power of 0.59 GW. On the other hand, the
highest electrical efficiency of 3.1 % is achieved with the laser energy of 17.6 J.

=0.26 Q

out
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Summary

The X-ray preionized discharge pumped-excimer laser with a large active volume has
been constructed and the output characteristics of the XeCl laser has been studied. The
glow discharge with the active volume of about 10 1 has been successfully achieved by
the sufficient X-ray preionization. The variations of the laser pulse shapes observed
at the different delay times have suggested that the discharge instability which affects
the laser output occurs earlier as the preionization becomes less sufficient.

The effects of the impedance transformation of the PTL have been studied using two
types of the PTL. The laser system with zout=o'26 ! has produced large laser energies
by 13-15 % compared with the system with zZou =0.48 I except for the operations under the
conditions of the PFL voltage below 154 kV a% the total pressure of 4500 Torr. The
reduction of the increase rate of the laser energy under the above operation conditions
has been considered to be due to the low breakdown voltages at zo t=0.26 Q.

The laser system with the lower output impedance has produce% the maximum laser
energy and peak power of 50 J and 0.59 GW, and an laser energy of 17.6 J with the
highest electrical efficiency of 3.1 %.
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INFLUENCE OF UV-RADIATION AND SHOCK WAVES ON POPULATION INVERSION MECHANISMS
IN INERT GAS MIXTURE LASERS AND ACTIVE MEDIUM FORMATION IN SPER-LASERS

V.V.Apollonov, S.I.Derzhavin, A.M.Prokhorov, A.A.Sirotkin
General Physics Institute, Academy of Sciences of the USSR, 38 Vavilov Street,

Moscow 117942, USSR

Part.I. Investigation of population inversion mechanisms in inert-gas mixture

lasers pumped by optical break-down

ABSTRACT

The parameters are studied of active media (AM) of He:Xe (A= 2.03; 2.65 um) and He:Ar
X = 1.79 um) lasers pumped by COz—laser induced optical break-~down (OB) in the mixture of
these gases. The lasing is shown t8 occur as a result of action of UV radiation from a hot
OB plasma kernel on the gas mixture under conditions of plasma shock wave (SW) compression
capable of activating AM development.

It was shown earlier (W.T.Siljvast et al., V.A.Danilychev et al.) that population
inversion occurs in a recombining plasma of optical break-down at the plasma scattering
innto amfient buffer gas. However, detailed investigations verifying this mechanism have
not been conducted.

The present paper is concerned with the investigation of physical processes responsiblke
for the active medium in lasers on inert-gas mixtures with helium pumped with OB. Lasing has
been attained on He:Xe mixtures (X = 2.03 um) and He:Ar mixtures ( & = 1.93 um). The C02-
laser radiation with a pulse duration T = 300 ns was focused by a cylinder lens into
a 0.8 mm-wide and 9 cm-long band on an Al target placed into the chamber filled with an
active mixture He-Xe = He:Ar= 1000:1. Lasing was observed in about 1 us after OB.

The investigations of OB torch dispersion by means of a high-speed photorecorder have
shown that under the conditions of pumping,when lasing is observed, the torch does not
reach the region of the cavity caustic of He.Xe and He:Ar lasers, and vice versa, if OB is
large the torch reaches the caustic, i.e. lasing is absent. These facts contradict to the
assertion that lasing occurs in the OB recombination plasma. To solve this contradiction we
have made double-exposure interferometric investigations of the optical break-down plasma.

Comparison of lasing parameters with the results of interferometric investigations
of the laser AM has shown the coincidence of the lasing start with the time of shock wave
arrival to the region of the cavity caustics. In this case OB plasma does not reach the
lasing region and, thus, can not directly influence the population inversion formation.
At the same time low gas temperature behind the SW front ( Te 0.2 eV,match number M 5)
has shown that it can not serve either a source of AM pumping, or be the cause of high elec~

tron concentration ( AMe~1016 cm~3).

In our experiments the presence of excited atoms in front of CW front was confirmed by the
glow of HeI, Xel, XelII lines without delay in respect to the occuring of OB. They could
appear in particular as a result of resonant UV radiation diffusion from a hot kernel of the
optical break-down plasma.

It is well known that the lasers operating on gas mixtures with helium, AM produced
as a resu]lt of Penning reaction of the working atom with excited helium, for example, He*+
Xe -+ Xe + He + e. In this case the rate of the Pemming reaction, R =‘<p*~&;-~ﬁe
depends on the concentration of the particles N, g and Ny, involved in the reaction. With a
SW approach, the growth of the interacting particle concentration, a degree of compression
p =¢/Q, < 4, and the gas heating Ty~~ 0.2 eV may lead to a sharp increase of the Penning
reaction rate resulting in Xe(Ar) ionization. Due to a high He concentration in the
operating mixture, the electrons cool down in collision with He to the ?as temperature. An
overcooled plasma forms in the caustic region (Te ~ Tg -- 0.2 eV, Ne ~10 6 cm~3), in which
a recombination scheme of Xe(Ar) pumping may be attained.

Thus, we have shown that generation in lasers operating on inert gas mixtures occurs
as a result of action of UV radiaticn from a hot OB plasma kernel on gas mixture under the
conditions of plasma SW compression, as SW is capable of activating AM development. Such

high-power sources of UV radiation _as electrical discharge and,}especiallz, optical break-
down, can generate a great number of excited atoms in thée gas mixture bulk, capable of

transferring the energy efficiently to the active atoms.
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Part II. MECHANISMS OF ACTIVE MEDIUM FORMATION IN SPER-LASERS
V.V.Apollonov, S.I.Derznavin, A.M.Prokhorov, A.A.Sirotkin

General Physics Institute of the USSR Academy of Sciences, vVavilov str. 39,
117942 Moscow, USSR

Abstract

Investigation of active medium parameters of lasers with segmented plasma sources of me-
tal vapors is presented. It 1s shown that in the process of active medium formation of SPER-
laser the following physical phenomena occur: preonization of the buffer gas; current dis-
persion through the volume of an expanding plasma; mixture of metal vapors and buffer gas
py plasma expansion; plasmochemical reactions that occur in the expanding plasma.

Papers /1-4/ present the data on the segmented plasma excitation and recombination laser
(SPER-laser) and the generation of transitions of atoms and ions into the IR, visible and
UV wavelengths ranges. The authors of /1-4/ suggest the following scheme of the SPER-laser
active medium formation. When a high-voltage current pulse is applied to the ends of the
series of strips, high-density metal-vapor plasma 1s formed in eacn gap. This plasma (con-
sisting of an evaporised strip material) expands hemispherically, cools down due to the ex-
pansion and collision with the low-pressure buffer gas and recombines. The population inver-
sion on the atoms and ions transitions is formed as a result of recombination of the higher
stages of ion ionization.

However, there has not been research confirming the suggested scheme of the active medi-
um formationin the given type of lasers. This 1s the aim of this paper.

We used an experimental arrangement described in Fig.l. Active elements of lasers consis-
ted of a series (numbering 30 to 60) of metal (Cd, 2n, In) electrodes (12x2xl1l mm3) positi-
oned on a glass plate so as to leave a l-¢ mm gap between them. They werer pumped by rectan-
gular current pulses Ip=20:500 A (V =10-20 kV) of a 0.5+6 ,usec. The axis of the laser reso-
rator was parallel to a series of metal electrodes with a distance between them r =020 mm.
The spectrum lines were selected by monochromator MDR~4, spectrograph DFS-452 and registered
by photodiode and photomultiplier. The dynamics of the plasma expansion was studied with the
help of the electronic -optical photoregister FER-7.

Y om oty .
nirror buc€ar che /-)1(1bhla mirror

MDR 4

i e e v 1/449/ [ [J

Photodiode

- L .
netal strips

puise —
oscillator glass plate

monochromator

Fi1g.l. Schematic diagram of the experiment

In this paper the spatial-temporal distribution of the spectrum lines radiation intensity
of the metal vapor and buffer gas atoms and ions, plasma expansion dvnamics, and SPER-laser
radiation parameters have been experimentally investigated.

The physical phenomema that occur during the SPER-laser active medium formation and are
beyond the above scheme have been obtained from the analysis of the experimental data:

1. It is seen from a high-speed photo of the plasma glow (Fig.Z2.) that a sharp splash of
giow occurs on the forefront of the pumping current pulse. It 1s associated with the buffer
gas 1onization by UV radiation /5/. Then the plasma obtained in the gaps between the elect-
rodes expands. The experiments with the intracavity laser spectrograph showed that immedi-
ateiy behind the forefront I the excited buffer gas atoms are registered fro r 1in the
range of 0-16 mm. So the plasma expands .in the preliminary preionized buffer gas.

<. The influence of an additional current puise caused the plasma luminescence over all
1ts volume not featuring a typical giow shape when expanding. If the additional current pul-
se coincided in time with the generation collapse for any r without time delay. It is pos-
sible when the current flows through all the gained plasma volume simultaneously, or a harq
ionizer is invoived. The character of the spectral lines radiation by the sharp current col-
lapse was similar for ali r , that also 1ndicates the current dispersion over the plasma
volume. Consequently, the pumplng 1S accomplished when current pulse influences all the ex-
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. expanding plasma volume.
gtow uF Pzeoni&uhon p[csmq 3. In our experiments the spatial-temporal
{\\\ distripution of the spectrum lines intensity

for He I, He II, Cd I, Cd II was similar to
that of the radiation in He-Cd(He-Zn) mixtu-
L /’ res pumped by a high-voltage discharge /6/.
N =R e~ Their difference lied in the fact that the
}J—’- beginning of luminescence of metal vapor

atoms and ions at different distances from
electrodes was determined by the speed of the

50 1 gpou'f OF - - .
expandin | plasma expansion. It is necessary to note
The - Pa g Thz that 51multaqeous lumlnescencelof the metal
F - o ptasmyq - vapor and buffer gas spectrum lines was ob-
[nLA1 served, 1.e. 1n the process of plasma forma-
tion and expansion an effective mixing of me-
Fig.2. Schematic diagram of the high speed tal vapir and buffer gas occurs.
photo plasma glow. 4. Replacement of He by Ne in the buffer
gas reduced the spectral lines intensity from
the levels 2P, 8D, 6F 6G for ¢d II (6P, 5D, 4F for 2Zn II), which can be populated as a re-
sult of the reaction recharge on Het ions. The temporal character of luminescence changed
for the above lines. In case of neon, on the current breakdown there was not a durable after
glow characteristic of the He buffer gas, onlvy a short recombinationai splash was observed.
These experiments directly show that the process of metal ions production is connected
w1th the recharge reaction of metai atoms with the buffer gas ions. Other plasmochemicai re-
actlions are also likely to occur.

5. It was found that the optimum duration of the laser pumping pulse Zh was nearly
equal to 3 sec. Plasma expansion velocity ipc was about 4xi0%cm/sec at In=i00 A and the
buffer gas pressure P~3 torr. During the Th time the plasma expands to the dimensi-

ons of 10-15 mm and after the current breakdown the plasma cooling begins. Under these con-
ditionsthe estimation of the cooling velocity shows that the cooling by bumping collisions
1s at least an order more effective than the expansional one.

From the experimental results given above it is possible to describe the following sche-
me of the active medium formation of the SPER-laser.

When a high voltage pulse influences the extreme electrodes of the active element, plasma
1s produced in every gap petween the metal stripes.It consists of atoms and ions of metal
vapor and buffer gas. Plasma expands into a preionized buffer gas. Metal ions occur as a
result of piasmochemical reactions with buffer gas. At the end of the current pulse the plas-
ma is cooled in collisions with the buffer gas. Inversion may occur both as a result of tri-
ple recombination and plasmochemical reactions.

When studying the SPER-laser spatial and temporai characteristics on atom transitions we
observed the oscillation region displacement in the process of plasma cooling (Fig.3 al;
an increase in the time delay of the laser radiation pulse compared to the pumpling curreht
at a growing energy (Fi1g.4); generation breakdown by an additional current puise (Fig.3b), -
etc.
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Fig.3a. Oscilloscope trace output from SPER- Fig.3p. Oscilloscope trace outnut from SPER-
laser and current pulse. laser and an additional current
pulse.

The expverimental data enable us to state that the population inversion in SPEER-lasers on
atom transitions 1s formed as a result of recombination of single ions, which, in turn. may
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occur occur due to the electronicel im-
prct, pl-smochemicerl reesctions

end els0 recombinetion of the high-
est-stege ions.

During the current pulse influ-
ence { O<t< I,y ) the Cd end Zn
ions mery occur through electroni-
cel imprct 2nd recherge reection ,
end in plesme afterglow - due to
recherge #nd recombinstion.

The experiments with verious
buffer grases heve shown thet by
use of Ne the intensity of sponte-
neous line redistion is reduced
rlmost by »n order of megnitude,
the lines mry be populsted &s ¢ re-
sult of recherge with He-ions., And
such intensity reduction wes noti-
ceprble both during the ection of
the pumping current end in sfter-
glow. It is rlso necessery to men-

0r tion theot when He wes chenged by
Ne, redirtion intensity of SPER-
. A — - lerser on ~toms trensitions wes ec-
¥ 1C 15 7Lram] turlly inveriesble, i.e. in the

first epproximetion the number of

recombined single ions mey be con-
Fig.4. Phese distribution of the oscilletion region. sidered constent.

These experiments suggest thet the
process of meterl ion formrtion through the recherge resction Het +Cd~He + Cd+* (Het + Zn
-+ He + Zn+*) is rlmost by en order more effective then thet due to electronicel shock
or recombinestion.

In /7/ it wes rlso mentioned thet_the populetion of levels wes rlso possible through
the Penning rerction He(23Si) + Cd(53P,)—+He + Cd*+* + e.

In /3-4/ the generstion in visible rnd UV wrvelengths renges is described. Let us con-
gider the question of probebility of populetion of the upper leser levels, In III #nd
Bi III, with the help of plesmochemicel reesctions.

In Fig.5 pertiesl energy level diegrems for In #nd Bi ere shown, It is cleer thet their
structures rre very much rlike, The ground stetes of Int* end Bit* ere positioned neer the
resonence with Het, thet is why the recherge rerction is possible simulteneously with the
Penning ioniretion.

It is noted in /8/ thet for these reections proceeding with the totel energy of electro-
nic shells preserved, ferture lerge cross sections (6~ 10-15cm=2).

More over, it follows from the diegrems (Fig.5) thet for the giveB elements the energy
%PBS between the In*+, Bit+ ground stetes r~nd upper leser levels, 4f°F° In II end

£2p° Bi III, pre 20.08 eV end 20.114 eV, respectively, which =ye nerr the resonence
with metrstrble He(2'S,) »nd He(2°S,) stetes.
Consequently, the trensition excitetion
Elev] should proceed effectjvely rccording to_the,
P 444 following scheme He(2 Sy) + In**—=He + In®
n B (He(2'5,) + Bit+ —= He+ Bi'*")
4 QF% - ., —_— This gwo-step process of recherging with
f "o ZSOUM 1556h 2 6¢Fs), Penning ionizetion with Het ion end trensi-
ZOVIEZ 5{2':; tion of excitetion from He metesteble mey
1 g) lerd to selective populrtion of the upper le-
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